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Summary
This study investigates strategies for managing photovoltaic (PV) electricity surpluses in multi-apartment buildings in Northern Europe by comparing PV use for apartment and common-area electricity consumption, domestic hot water (DHW) heating, and grid export under different battery storage capacities. The analysis is based on dynamic simulations performed using TRNSYS 18 software. The model integrates household electricity consumption data, DHW demand profiles, the calculated electricity generation from rooftop PV installations in Riga, and historical district heating and spot electricity prices for 2022–2025. Various PV utilization strategies and battery storage capacities were evaluated to determine their economic viability. Results show that maximizing on-site PV use generally increases annual cost savings, while the benefit of battery storage depends strongly on the end-use profile and battery cost. Batteries improve savings when PV electricity serves apartment electricity demand but provide little additional benefit for DHW heating. Economic performance is highly sensitive to energy prices, particularly during atypical market years.
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Introduction
Building operations account for 30% of global final energy consumption and 26% of energy-related emissions. Of these emissions, 8% are directly attributable to buildings, while 18% result from the production of electricity and heat used in buildings (IEA, 2023). In the EU building sector accounting for nearly 40% of final energy consumption, with about 27% attributable to residential buildings (Magrini et al., 2020).
The use of photovoltaic (PV) panels in residential buildings in Latvia has gradually increased in recent years, reflecting growing interest from both investors and homeowners in renewable energy solutions for urban environments, as well as the availability of national and EU-funded support programmes for energy efficiency and renewable-energy measures. However, large‑scale deployment in multi‑apartment buildings remains limited due to several barriers, including restricted roof area, the complexity of coordinating decisions among apartment owners, challenges in fairly allocating the generated electricity, and the temporal mismatch between PV production and building demand. Consequently, the penetration of PV systems in multi‑apartment buildings remains relatively low. Despite these limitations, there is a significant potential for PV systems.
By utilizing the available roof area of a multi-apartment building, PV systems often generate more electricity during peak solar hours than the building can immediately consume, even in Northern Europe (Borodiņecs et al., 2024). This surplus can be stored in batteries, exported to the grid, or shared within an energy community that includes different building types (Zajecs et al., 2026). Maximizing on-site utilization is generally preferred but requires effective surplus management due to variable energy generation, with daily-scale storage playing a key role in improving self-consumption and system integration. Rooftop PV systems demonstrate a payback period of 7–8 years in Riga and are therefore considered economically viable (Zajecs & Lebedeva, 2026).
Approximately 76% of the solar irradiation in Riga, Latvia, occurs between April and September, which corresponds to the non-heating period (data analysis based on PVGIS-SARAH3 (European Commission, 2024)). During this time, there are two primary ways to utilize solar energy: either as electricity for the building’s consumption or for heating domestic hot water (DHW) via electric heaters or heat pumps. Since heat pump solutions involve significant investments, this paper focuses on the use of electric heaters.
This study contributes to the existing literature by evaluating PV electricity surplus management in a district-heated multi-apartment building under Latvian climatic conditions, using measured electricity consumption and DHW demand profiles together with historical electricity and district-heating prices.
The aim of this study is to evaluate different strategies for utilizing PV electricity in multi-apartment buildings in Northern Europe, including self-consumption for apartment and common-area electricity demand, domestic hot water heating, grid export, and battery storage. The study compares their technical performance and economic feasibility under different energy price conditions to identify the most suitable approaches for wider application in Latvia and regions with similar climatic conditions. This research contributes to the knowledge base on PV integration in urban multi-apartment buildings, providing insights relevant to technical implementation, investment opportunities, and policy development.
Methods
This study is based on dynamic simulations performed using the dynamic system simulation software TRNSYS 18. The numerical simulation time step was one minute. Input load and price series were available at hourly resolution and were held constant or interpolated as described below, while the technical parameters of the equipment are taken from typical values available on the market.
2.1. Reference building
The reference building used in this study is a five‑story residential block with 60 apartments. Key parameters are summarized in Tab. 1. 
[bookmark: _Ref238046401]Tab. 1: Parameters of the reference building
	Parameter
	Value

	Location
	Riga, Latvia

	Number of apartments
	60

	Number of stories
	5

	Total heated area
	2,660 m2

	Roof area
	640 m2

	PV panel total area
	196.7 m2



In the simulation, PV panels (1,134 x 2,090 mm) are installed on a flat roof (see Fig. 1), with the longer side oriented horizontally to optimize space utilization. To maximize usable roof area while limiting wind‑induced mechanical loads, the panels are mounted at a 15° tilt with a 2 m row pitch between rows (see Fig. 2). This layout accommodates four rows with a total of 83 panels, corresponding to 196.7 m2 of installed PV area and a roof‑utilization ratio of 30.7%. The study examines three possible panel orientations: south, west, and east.
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[bookmark: _Ref238043340]Fig. 1: Roof area of the reference building with possible installed PV panels
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[bookmark: _Ref238043346]Fig. 2: Section drawing of PV panels installation and shading on November 3 at 12:00 and February 9 at 12:00 in Riga
The ground coverage ratio (GCR) in this case is 1.134 / 2.0 = 0.57, which represents a relatively high roof-use density while accepting partial winter shading (Tonita et al., 2023).
2.2. Domestic hot water (DHW) consumption
Domestic hot water in the reference building is heated by the district heating network via a heat exchanger. The building is equipped with a hot‑water circulation system featuring vertical risers and towel rails connected to the DHW circulation loop, which results in comparatively high heat losses within the system.
Selecting an appropriate DHW consumption profile for simulations is a complex task because usage patterns are highly sensitive to cultural, socio-economic, and technological factors. User behavior, influenced by variables such as household size, income, age, gender, and education level, significantly dictates the timing and magnitude of daily demand peaks (Fuentes et al., 2018). For simulations, the average European residential profile (Annex 42) was used (see Fig. 3).

[bookmark: _Ref238043311]Fig. 3: Daily DHW consumption proﬁle (Manning & Swinton, 2007)
The data on heating energy used for DHW preparation, reported by (Grasmanis et al., 2015) and based on more than 5,000 residential buildings in Riga, indicate that DHW systems consume, on average, 50.9 kWh/m² per year (equivalent to 0.139 kWh/m² per day) referenced to the building heated area. This value aligns with measurements from multi‑apartment buildings in Oslo, Norway, where daily hot water consumption ranges from 0.079 to 0.189 kWh/m², with an average of 0.127 kWh/m² (Walnum et al., 2021). 
Heating energy is used both for DHW preparation and for compensating heat losses from the DHW circulation system. Measurements from 39 multi‑apartment buildings in Riga (Grasmanis et al., 2015) showed that annual circulation losses ranged from 13.3 to 32.1 kWh/m², with an average of 18.3 kWh/m². In this study, the value of 18.3 kWh/m² was adopted, assuming that circulation heat losses remain constant throughout the year. Under this assumption, the average heat corresponds to 2.089 W per m² of heated building area.
As (Fuentes et al., 2018) note that seasonal effects are not well described in terms of their influence on the shape of daily DHW tapping profiles, this study keeps the same daily profile throughout the year while applying different monthly consumption levels based on the measurements reported by (Grasmanis et al., 2015) and presented in Fig. 4. In winter, consumption increased by up to 18.2%, whereas in summer it decreased by up to 17.2% compared with the yearly average DHW consumption.
[bookmark: _Ref238044844]
[bookmark: _Ref238046095]Fig. 4: Daily DHW consumption in different months per m² of heated residential building area (Grasmanis et al., 2015)
To calculate the heating energy required for DHW preparation, it was assumed that the inlet tap water temperature is +5 ℃ and the required DHW outlet temperature is +55 ℃. By applying the daily consumption values from Fig. 4 to the DHW tapping profile shown in Fig. 3 and adding a constant 2.089 W/m² heat loss from the DHW circulation system, the yearly DHW load was calculated using a one‑hour time step. The resulting profiles for February (higher consumption) and July (lower consumption) are presented in Fig. 5.

[bookmark: _Ref238045860]Fig. 5: Daily DHW load per m² of heated residential building area used in the simulation model
The annual heating energy for DHW preparation used in simulation is 32.4 kWh/m², circulation heat losses are 18.3 kWh/m², and the total required energy is therefore 50.7 kWh/m² or 134.8 MWh for the reference building.
2.3 Electricity consumption
The annual electricity consumption profile with a one‑hour resolution was derived from measured hourly consumption data collected from 26 apartments over a two‑year period in previous research (Borodiņecs et al., 2024). These apartments are located in typical five‑story multi‑apartment buildings in Riga, Latvia. The dataset includes load profiles for different household sizes (see Tab. 2), clearly demonstrating how electricity consumption depends on the number of occupants.
[bookmark: _Ref238049249]Tab. 2: Data on measured electricity consumption. Based on (Borodiņecs et al., 2024)
	Regular apartment occupancy
	Number of apartments
	Average hourly electrical load, W

	0
	1
	14

	1
	4
	85

	2
	12
	134

	3
	5
	210

	4
	4
	226

	Total
	26
	151



Based on the electricity consumption profiles of 26 apartments, an “average apartment” load profile was generated. Its total annual electricity consumption is 1,321 kWh with the electrical load ranging from 49 W to 355 W. Since the reference building contains 60 apartments, this average profile was scaled accordingly, resulting in a total annual electricity consumption of 79.3 MWh (29.8 kWh/m2) for the entire building.
The precise electricity consumption measurements collected over a two‑year period made it possible to use a unique daily profile for each day. To examine seasonal variations in daily behaviour, the average electrical load for each season was calculated and is presented in Fig. 6. During the winter months there is higher electricity consumption in the evening, which may be explained by the earlier sunset and longer dark hours. 

[bookmark: _Ref238050772]Fig. 6: Average daily electrical load for the “average apartment” in different seasons
In addition to the apartment‑level electricity consumption, the building has a common electrical load used for lighting and circulation pumps. For the 60-apartment building, this load was measured at 6,735 kWh per year (Borodiņecs et al., 2024), representing approximately 8% of the total building electricity use. Monthly common‑area consumption ranges from 210 kWh in July to 1050 kWh in December. When added to the apartment electricity demand (79.3 MWh per year), the total annual building load amounts to 86.0 MWh.
2.4 Energy price
The reference building relies on two energy systems: district heating network for domestic hot water preparation and grid electricity for electricity consumption. 
In Riga, district‑heating tariffs are set by the regulator and are subject to periodic revisions throughout the year, reflecting updates in production costs, fuel markets, and other tariff components. The historical tariff values are shown in Fig. 7: the average annual tariff (excluding tax) was 99.56 EUR/MWh in 2022, 122.03 EUR/MWh in 2023, 82.87 EUR/MWh in 2024, and 76.40 EUR/MWh in 2025. 

[bookmark: _Ref238462655]Fig. 7: District heating energy tariff (excluding VAT) (AS “RĪGAS SILTUMS,” n.d.)
The electricity price consists of several components: the energy price, the variable distribution tariff, the fixed monthly capacity fee, the trader’s margin, and mandatory state taxes.
When selecting the electricity price for a household, there is a choice between a fixed monthly energy price and the Nord Pool spot‑price option.
The variable distribution tariff is 39.62 EUR/MWh (excluding tax). 
The fixed monthly capacity fee is independent of consumption; it depends solely on the building’s connection capacity and is not included in the study calculations, since building owners must pay it regardless of PV installation or electricity use. 
The trader’s margin may vary and for the study is assumed to be 10 EUR/MWh (excluding tax). 
Electricity consumption is subject to a 21% VAT rate, whereas district heating for household use is taxed at a reduced VAT rate of 12%.

[bookmark: _Ref238207166]Fig. 8: Monthly average Nord Pool electricity prices for Latvia across different years
In this study the hourly grid electricity spot prices for Latvia were obtained from Nord Pool with a one-hour resolution. Historical prices for the four-year period 2022–2025 were used for the price-sensitivity analysis.
Fig. 8 presents the monthly average electricity spot prices and Fig. 9 shows the average hourly price profiles. Prices in 2023, 2024, and 2025 were relatively similar, with annual averages of 93.87 EUR/MWh, 87.57 EUR/MWh, and 85.72 EUR/MWh, respectively. In contrast, the average price in 2022 was significantly higher, reaching 226.91 EUR/MWh. The hourly price profiles show distinct morning and evening peaks.

[bookmark: _Ref238714672]Fig. 9: Hourly average Nord Pool electricity prices for Latvia across different years
The comparison of annual district heating tariff (including tax) and electricity tariff (including variable distribution tariff, trader’s margin and tax) for households is presented in Tab. 3.
[bookmark: _Ref238712719]Tab. 3: Annual total district heating tariff and electricity tariff (including tax) for households, EUR/MWh
	Year
	2022
	2023
	2024
	2025

	District heating tariff
	111.51
	136.67
	92.81
	85.57

	Electricity tariff
	334.61
	173.63
	166.00
	163.77



When a household sells electricity from PV panels to the grid, the selling price may be either a fixed tariff or the spot price minus the trader’s margin. In this study, the spot‑price option is used, and the trader’s margin is assumed to be a constant 15 EUR/MWh. For the calculations, it is assumed that the electricity price for energy sold to the grid cannot be negative (an assumption based on a commercially available model).
Annual cost savings are calculated by comparing the annual energy cost of the base case (without PV panels) with the net annual energy cost of each scenario. The net cost includes electricity purchased from the grid and, where applicable, thermal energy purchased from the district heating network. Revenue from exporting surplus PV electricity is assumed to contribute to the annual cost savings. Annual savings are calculated as:
	
	S = Cbase – (Cgrid + CDH) + RPV ,
	(eq.1)


where 	S – annual cost savings in the investigated case, EUR/year;
	Cbase – annual energy cost in the base case without PV panels, EUR/year;
Cgrid – annual cost of electricity purchased from the grid, EUR/year;
CDH – annual cost of thermal energy purchased from the district heating network, EUR/year;
RPV – annual revenue from surplus PV electricity exported to the grid, EUR/year.
2.5 Solar energy 
[bookmark: _Ref238742644]The electricity production by PV panels was modeled using the TRNSYS 18 dynamic simulation software. Climate data for Riga was obtained from the Meteonorm v5.0.13 database, in TMY2 format. The PV panel, inverter, and battery parameters were determined through a market analysis (see Tab. 4).
[bookmark: _Ref238987703]Tab. 4: Main parameters of the studied PV system components (based on market review)
	PV panel

	Rated capacity Pmax for 196.7 m2
	Efficiency (ηel)
	Open-circuit voltage (Voc)
	Short-circuit current (Isc)
	Voltage at Pmax (Vmp)
	Current at Pmax (Imp)
	Temp. coeff. (β)

	45.2 kW
	23.0%
	49.2 V
	18.4 A
	41.1 V
	17.4 A
	-0.29%/K

	Inverter

	Regulator efficiency
	Inverter efficiency (DC to AC)
	High limit on FSOC
	Low limit on FSOC
	Charge to discharge limit on FSOC
	Power output limit
	Inverter efficiency (AC to DC)

	98.0%
	97.5%
	100%
	20%
	85%
	50 kW
	98.5%

	Battery

	Cell capacity
	Cells in parallel
	Cells in series
	Charging efficiency
	Max. charge voltage per cell

	100 Ah
	Variable (5/10/15)
	20
	98%
	2.4 V


*FSOC - fractional state of charge
One of the objectives of the study is to evaluate the influence of battery capacity; therefore, the number of cells connected in parallel is used as a variable, allowing the total battery capacity to be adjusted for different cases.
2.6 TRNSYS 18 model
A single TRNSYS 18 model was developed to simulate the different cases (see Fig. 10).
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[bookmark: _Ref238803056]Fig. 10: TRNSYS 18 model
PV panels are simulated using the Type203, a component developed by the Institute for Solar Energy Research in Hamelin (ISFH), described and validated in (Chhugani et al., 2020; Stegmann et al., 2011). This component can simulate both photovoltaic (PV) panels and photovoltaic-thermal (PVT) collectors, which will be investigated in future work, since PVT collectors can reduce the panel surface temperature, increase electrical efficiency, and provide additional thermal energy (Bogdanovics et al., 2026). For this study only PV mode of Type203 was used without heat carrier flow and with reduced heat panel heating capacity.
Other components used in the model:
Type 30a – to simulate shading, created by PV rows (see Fig. 2); 
Type 48c – regulator and inverter, with parameters from Tab. 4;
Type 47b – battery, with parameters from Tab. 4; nominal capacity sizes: 24 kWh, 48 kWh, 72 kWh.
Input price and consumption data are provided in external text files with one hour step; prices and apartment loads are not interpolated, whereas common electricity and DHW consumption are linearly interpolated.
2.7 Investment cost
For the investment cost estimation (including VAT), the following indicative values were assumed (based on market review):
PV panels: 200–250 EUR/kWp, resulting in 9,040–11,300 EUR for 45.2 kWp system;
Hybrid inverter, 50 kW: 4,000–6,000 EUR;
Battery: 150–250 EUR/kWh, resulting in 10,800–18,000 EUR for 72 kWh battery;
Electric heater for DHW preparation, 50 kW: 2,000–4,000 EUR;
Additional materials, cables, flat-roof mounting system, and work: 10,000–15,000 EUR.
Results
First, the base values were defined. Fig. 11 shows the annual energy distribution. The total PV electricity production with south‑facing panels is 45.4 MWh, with a peak of 7.4 MWh in June. West‑ or east‑facing panels produce 41.0 MWh. Therefore, the south orientation is used in further simulations. The energy loss without battery usage is 2%, and only the useful PV electricity values are applied in the subsequent analysis. Annually PV panels produce about 52% of the building’s total electricity consumption, which is consistent with the calculations published by (Zajecs & Lebedeva, 2026) for a five‑story multi‑apartment building in Riga.

[bookmark: _Ref238713369]Fig. 11: Monthly PV electricity production and building energy consumption
Tab. 5 summarizes the total annual energy consumption and production, along with the corresponding costs. DHW heating by district heating system, electricity from the grid, and all PV‑generated electricity is exported. 
[bookmark: _Ref238714481]Tab. 5: Base scenario economic results
	 
	Energy, MWh/year
	Annual energy costs and PV export revenue, EUR

	
	
	2022
	2023
	2024
	2025

	DHW heating
	134.8
	15,024
	18,704
	12,521
	11,534

	Apartment electricity
	79.3
	27,186
	14,325
	13,759
	13,679

	Common electricity
	6.7
	2,158
	1,235
	1,187
	1,252

	PV energy sold to grid
	44.5
	10,235
	3,089
	2,589
	1,979



The simulation results are presented in Tab. 6. Cases with index “base” represent the situation in which all PV-generated electricity is exported to the grid. Index 1 – PV electricity used for on-site consumption, with excess electricity exported to the grid and without battery storage. Indices 2, 3, and 4 represent the same operating strategy with battery storage capacities of 24 kWh, 48 kWh, and 72 kWh, respectively.
For the more representative years 2023–2025, using PV electricity for on-site consumption generally provides higher annual cost savings than exporting all generated electricity to the grid. The results for 2022 differ because of the exceptionally high electricity market prices (see Fig. 8). The high value of exported electricity reduces the economic advantage of self-consumption. Therefore, 2022 should be treated as an exceptional market year and excluded from the representative payback-time calculation.
[bookmark: _Ref238718951]
Tab. 6: Simulation results for different cases
	Case 
	Cost of energy, EUR/year
	PV export revenue, EUR/year
	Cost savings, EUR/year

	
	2022
	2023
	2024
	2025
	2022
	2023
	2024
	2025
	2022
	2023
	2024
	2025

	PV electricity is used for building electricity consumption (apartments + common)

	Abase
	29,345
	15,561
	14,947
	14,930
	10,235
	3,089
	2,589
	1,979
	10,235
	3,089
	2,589
	1,979

	A1
	19,863
	11,070
	10,840
	11,229
	3,937
	996
	800
	495
	13,419
	5,486
	4,907
	4,196

	A2
	19,198
	10,743
	10,441
	10,812
	3,265
	785
	650
	373
	13,412
	5,603
	5,156
	4,492

	A3
	18,674
	10,441
	10,018
	10,369
	2,838
	667
	566
	313
	13,508
	5,787
	5,495
	4,874

	A4
	18,110
	10,143
	9,628
	9,965
	2,445
	567
	499
	265
	13,680
	5,985
	5,817
	5,230

	PV electricity is used exclusively for building common electricity consumption

	Bbase
	2,158
	1,235
	1,187
	1,252
	10,235
	3,089
	2,589
	1,979
	10,235
	3,089
	2,589
	1,979

	B1
	1,348
	795
	768
	828
	9,700
	2,867
	2,384
	1,769
	10,511
	3,307
	2,803
	2,193

	B2
	688
	406
	390
	417
	9,116
	2,600
	2,160
	1,532
	10,585
	3,429
	2,958
	2,366

	B3
	590
	335
	332
	329
	9,043
	2,555
	2,124
	1,486
	10,611
	3,455
	2,980
	2,409

	B4
	547
	304
	286
	296
	9,019
	2,537
	2,099
	1,471
	10,631
	3,469
	3,001
	2,427

	PV electricity is used exclusively for DHW heating

	Cbase
	15,024
	18,704
	12,521
	11,534
	10,235
	3,089
	2,589
	1,979
	10,235
	3,089
	2,589
	1,979

	C1
	12,139
	14,500
	9,567
	8,914
	2,722
	662
	551
	314
	5,607
	4,866
	3,505
	2,934

	C2
	12,021
	14,326
	9,441
	8,803
	2,138
	494
	436
	229
	5,141
	4,873
	3,516
	2,960

	C3
	11,994
	14,286
	9,409
	8,775
	1,856
	420
	381
	195
	4,886
	4,838
	3,493
	2,954

	C4
	11,962
	14,242
	9,374
	8,744
	1,621
	364
	338
	171
	4,682
	4,827
	3,486
	2,961

	PV electricity is used for building common electricity consumption and DHW heating

	Dbase
	17,182
	19,940
	13,709
	12,785
	10,235
	3,089
	2,589
	1,979
	10,235
	3,089
	2,589
	1,979

	D1
	13,685
	15,566
	10,509
	9,900
	2,632
	631
	528
	294
	6,129
	5,005
	3,727
	3,179

	D2
	13,561
	15,392
	10,381
	9,786
	2,060
	469
	416
	213
	5,680
	5,017
	3,743
	3,213

	D3
	13,537
	15,355
	10,349
	9,757
	1,786
	398
	364
	182
	5,431
	4,983
	3,723
	3,210

	D4
	13,520
	15,316
	10,319
	9,730
	1,568
	347
	325
	161
	5,230
	4,971
	3,715
	3,216

	PV electricity is used for building common electricity consumption and DHW heating; 
DHW is heated using grid electricity when electricity price is lower than district heating price

	Dbase
	17,182
	19,940
	13,709
	12,785
	10,235
	3,089
	2,589
	1,979
	10,235
	3,089
	2,589
	1,979

	D1e
	13,462
	13,998
	10,260
	9,699
	2,632
	631
	528
	294
	6,352
	6,573
	3,977
	3,381

	D2e
	13,338
	13,830
	10,128
	9,580
	2,060
	469
	416
	213
	5,904
	6,578
	3,997
	3,418

	D3e
	13,313
	13,775
	10,082
	9,538
	1,786
	398
	364
	182
	5,654
	6,563
	3,991
	3,429

	D4e
	13,296
	13,712
	10,038
	9,497
	1,568
	347
	325
	161
	5,454
	6,575
	3,996
	3,449

	PV electricity is used to meet building 
electricity consumption (apartments + common) and DHW heating

	Ebase
	44,368
	34,264
	27,468
	26,464
	10,235
	3,089
	2,589
	1,979
	10,235
	3,089
	2,589
	1,979

	E1
	33,712
	28,037
	22,095
	21,649
	848
	173
	152
	76
	11,505
	6,401
	5,525
	4,891

	E2
	33,591
	27,957
	22,015
	21,577
	544
	109
	99
	45
	11,322
	6,416
	5,552
	4,932

	E3
	33,578
	27,953
	21,989
	21,552
	428
	87
	79
	35
	11,219
	6,398
	5,558
	4,947

	E4
	33,755
	27,976
	21,968
	21,529
	364
	76
	69
	30
	10,978
	6,364
	5,569
	4,964



Case A
Using PV electricity for both apartment and common‑area consumption demonstrates strong cost‑saving potential with 61% of PV‑generated useful electricity used on‑site without a battery and 71% with a 72‑kWh battery. This reduces annual grid electricity consumption by approximately 31–33%, with the maximum monthly reduction reaching 56–61% in June. Battery installation significantly increases cost savings when electricity spot prices are low. For example, under 2025 price conditions, the net annual cost savings relative to the no-PV case would be 28.1% without a battery and 35.0% with a 72‑kWh battery. In practice, however, using common PV generation to supply apartment electricity can be challenging because apartments typically have individual electricity meters and may independently choose their electricity supplier.
Case B
Case B considers the technically simpler option of using PV electricity only for common building loads, such as lighting and circulation pumps. Due to the relatively low common electricity demand (see Fig. 11), a large share of PV generation is exported to the grid. As a result, the cost savings are considerably lower than in case A (without battery storage, savings are 40–48% lower during 2023–2025).
Case C
Case C considers the use of PV electricity only for domestic hot water (DHW) preparation. The model assumes direct electric heating, where 1 kWh of electricity is converted into 1 kWh of heat, thereby reducing the amount of thermal energy purchased from the district heating system. Since the annual DHW energy demand is higher than the PV generation (see Fig. 11), DHW provides a sufficiently large load for PV self-consumption (73% self-consumption without battery storage). Because the DHW circulation system requires a continuous heat supply, increasing battery capacity has almost no effect on annual cost savings under 2023–2025 price conditions. Under 2022 prices, battery storage even reduces cost savings because exporting PV electricity is more profitable than storing it for later use. This indicates that large electrical battery storage is not economically justified when PV electricity is primarily used for DHW preparation. Cost savings are also lower than in Case A because district heating is generally cheaper than grid electricity. The DHW demand input used in the present study has a one-hour resolution; therefore, a higher-resolution DHW profile should be investigated to determine the minimum storage capacity required for short-term load shifting. Thermal storage could also be investigated as an alternative to electrical battery storage.
Cases D and De
PV electricity is first used for common building electricity consumption and the remaining electricity is used for DHW preparation. This combination provides higher savings compared to Case C. The increase is approximately 3–12%. Increasing battery capacity provides only a minor economic benefit. 
An additional case, De, was analysed in which DHW can also be heated using electricity purchased from the grid when the total electricity price is lower than the district heating cost. The largest benefit occurs with 2023 energy prices: savings increase from 5,005 EUR/year in D1 to 6,573 EUR/year in D1e, corresponding to an increase of approximately 31%. The particularly favourable result for 2023 is explained by the combination of a high district heating tariff and low electricity prices. In the other analysed years, the additional savings are relatively small (about 3.6% in 2022, 6.7% in 2024, and 6.4% in 2025) because the highest DHW consumption typically occurs during the morning and evening hours (see Fig. 5), when electricity prices are generally higher (see Fig. 9). As a result, only a limited share of the total DHW demand can be economically shifted from district heating to grid electricity. Using grid electricity for DHW heating will require an increase in the building’s electrical connection capacity, resulting in an additional capacity fee (51.66 EUR/month plus VAT, corresponding to approximately 750 EUR/year including 21% VAT). After including this fee, grid-assisted DHW heating is not economically beneficial in 2022, 2024, or 2025. 
Case E
When PV electricity is used for the building’s total electricity consumption and DHW heating, the economic benefit is maximized, and PV self-consumption without storage reaches 92% of the useful electricity generated.
Payback period evaluation
[bookmark: _Ref238819126]Since the electricity price in 2022 was atypically high and the district heating price in 2023 was unusually high, the average values for 2024 and 2025 from Tab. 6 are used to calculate the annual cost savings. The simple payback period is calculated as the ratio of the initial investment cost to the annual energy cost savings. NPV calculated for 20-year period with 3% discount rate and assuming annual cost savings remain constant. The results presented in Tab. 7 show that the economic performance varies considerably between the analysed cases, with Case E1 demonstrating the shortest payback periods and the highest NPV values.
[bookmark: _Ref239059150]Tab. 7: Investment cost, annual energy cost savings, and simple payback period for Case A, Case D and Case E
	Case
	Investment cost, EUR
	Cost savings EUR/year
	Payback period, years
	NPV, EUR (with 3% discount rate)

	A1
	23,040–32,300
	4,552
	5.1–7.1
	35,422–44,682

	A2
	26,640–38,300
	4,824
	5.5–7.9
	33,469–45,129

	A3
	30,240–44,300
	5,185
	5.8–8.5
	32,840–46,900

	A4
	33,840–50,300
	5,524
	6.1–9.1
	31,883–48,343

	D1
	25,040–36,300
	3,453
	7.3–10.5
	15,072–26,332

	D2
	28,640–42,300
	3,478
	8.2–12.2
	9,444–23,104

	D3
	32,240–48,300
	3,467
	9.3–13.9
	3,280–19,340

	D4
	35,840–54,300
	3,466
	10.3–15.7
	−2,735–15,725

	E1
	25,040–36,300
	5,208
	4.8–7.0
	41,179–52,439

	E2
	28,640–42,300
	5,242
	5.5–8.1
	35,693–49,353

	E3
	32,240–48,300
	5,252
	6.1–9.2
	29,839–45,899

	E4
	35,840–54,300
	5,266
	6.8–10.3
	24,048–42,508



For a more detailed economic assessment, additional factors should be considered, including changes in energy prices, PV panel and battery capacity degradation and lifetime, equipment replacement and maintenance costs.
Conclusions
The simulated 45.2 kWp south-facing PV system on a 60-apartment five-story residential building generates 45.4 MWh/year, equivalent to approximately 52% of the building’s annual electricity demand. PV self-consumption reaches 61% for apartment and common-area loads without battery storage and 71% with a 72 kWh battery. Using PV electricity exclusively for DHW preparation provides a larger load and results in 73% self-consumption without electrical storage, while combining apartment and common-area loads with DHW heating (Case E) increases self-consumption of PV system to 92% without a battery.
Case E1 provides the strongest overall economic performance, with a simple payback period of 4.8–7.0 years and the highest NPV, although Case A4 achieves the highest annual savings (5,524 EUR/year). If the allocation of shared PV generation to individual apartments is technically or administratively difficult, common-area consumption combined with DHW heating (Case D1) provides an alternative with a 7.3–10.5 year payback. Grid-assisted DHW heating is economically favourable only under specific price conditions and becomes unattractive with 2022, 2024, and 2025 energy prices when the additional connection-capacity fee is included.
Battery storage increases self-consumption but does not necessarily improve investment performance; its viability depends strongly on battery cost and available end-use loads. The results are also highly sensitive to electricity and district-heating prices and should therefore be regarded as scenario-dependent. Future work should investigate higher-resolution DHW profiles in combination with smaller batteries or thermal storage, battery degradation, heat-pump-based DHW heating scenario, and include a climate sensitivity analysis.
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Heating energy price, EUR/MWh




2022	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	143.7017338709677	104.82636904761901	167.03564516129035	109.33245833333334	164.11442204301073	218.25836111111116	304.72838709677421	467.71362903225804	351.12440277777785	189.74095430107528	226.23074999999997	264.25556451612903	2023	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	99.652809139784949	113.78476190476189	87.746169354838671	65.808277777777775	78.017486559139769	98.693611111111096	83.610900537634421	102.48555107526882	117.37398611111111	87.442930107526863	105.0519027777778	89.098494623655895	2024	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	117.21831989247313	75.019776785714285	68.143669354838707	61.320374999999991	75.795336021505392	91.731458333333322	97.926586021505372	106.93948924731183	84.090458333333331	91.395026881720426	88.728291666666621	90.537379032258045	2025	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	91.815752688172026	151.58093750000003	91.966411290322597	77.386791666666667	67.881236559139779	43.062930555555546	46.121935483870963	80.199758064516132	84.193152777777769	105.17387096774196	110.9449548611111	83.852903225806443	
Electricity price, EUR/MWh




2022	44562	44562.041655092587	44562.041666666664	44562.083321759259	44562.083333333336	44562.124988425923	44562.125	44562.166655092624	44562.166666666701	44562.208321759324	44562.208333333401	44562.249988425923	44562.25	44562.291655092624	44562.291666666701	44562.333321759324	44562.333333333401	44562.374988425923	44562.375	44562.416655092624	44562.416666666701	44562.458321759324	44562.458333333401	44562.499988426025	44562.500000000102	44562.541655092624	44562.541666666701	44562.583321759324	44562.583333333401	44562.624988426025	44562.625000000102	44562.666655092624	44562.666666666701	44562.708321759324	44562.708333333401	44562.749988426025	44562.750000000102	44562.791655092726	44562.791666666802	44562.833321759324	44562.833333333401	44562.874988426025	44562.875000000102	44562.916655092726	44562.916666666802	44562.958321759324	44562.958333333401	44562.999988425923	184.22131506849291	184.22131506849291	177.16575342465751	177.16575342465751	155.69871232876707	155.69871232876707	147.97884931506854	147.97884931506854	142.96586301369868	142.96586301369868	152.09931506849313	152.09931506849313	188.80002739726038	188.80002739726038	240.02624657534244	240.02624657534244	279.28926027397262	279.28926027397262	285.34427397260293	285.34427397260293	265.41797260273984	265.41797260273984	248.23621917808219	248.23621917808219	238.07312328767108	238.07312328767108	234.16838356164394	234.16838356164394	217.31232876712318	217.31232876712318	220.51860273972605	220.51860273972605	229.28002739726017	229.28002739726017	237.31435616438378	237.31435616438378	276.27167123287654	276.27167123287654	283.64383561643842	283.64383561643842	296.52353424657525	296.52353424657525	272.67745205479446	272.67745205479446	249.79224657534243	249.79224657534243	223.11057534246561	223.11057534246561	2023	44562	44562.041655092587	44562.041666666664	44562.083321759259	44562.083333333336	44562.124988425923	44562.125	44562.166655092624	44562.166666666701	44562.208321759324	44562.208333333401	44562.249988425923	44562.25	44562.291655092624	44562.291666666701	44562.333321759324	44562.333333333401	44562.374988425923	44562.375	44562.416655092624	44562.416666666701	44562.458321759324	44562.458333333401	44562.499988426025	44562.500000000102	44562.541655092624	44562.541666666701	44562.583321759324	44562.583333333401	44562.624988426025	44562.625000000102	44562.666655092624	44562.666666666701	44562.708321759324	44562.708333333401	44562.749988426025	44562.750000000102	44562.791655092726	44562.791666666802	44562.833321759324	44562.833333333401	44562.874988426025	44562.875000000102	44562.916655092726	44562.916666666802	44562.958321759324	44562.958333333401	44562.999988425923	68.849917808219146	68.849917808219146	71.368986301369929	71.368986301369929	64.205671232876668	64.205671232876668	59.858630136986314	59.858630136986314	59.363260273972642	59.363260273972642	65.993397260273923	65.993397260273923	80.447616438356178	80.447616438356178	102.73989041095889	102.73989041095889	120.97931506849316	120.97931506849316	122.70698630136972	122.70698630136972	108.60550684931505	108.60550684931505	99.49013698630138	99.49013698630138	90.876602739726081	90.876602739726081	88.130931506849322	88.130931506849322	82.74013698630138	82.74013698630138	84.187945205479494	84.187945205479494	92.937397260273954	92.937397260273954	102.43076712328762	102.43076712328762	117.45810958904103	117.45810958904103	126.0553424657533	126.0553424657533	131.47210958904105	131.47210958904105	119.9052328767124	119.9052328767124	105.14317808219187	105.14317808219187	86.994821917808267	86.994821917808267	2024	44562	44562.041655092587	44562.041666666664	44562.083321759259	44562.083333333336	44562.124988425923	44562.125	44562.166655092624	44562.166666666701	44562.208321759324	44562.208333333401	44562.249988425923	44562.25	44562.291655092624	44562.291666666701	44562.333321759324	44562.333333333401	44562.374988425923	44562.375	44562.416655092624	44562.416666666701	44562.458321759324	44562.458333333401	44562.499988426025	44562.500000000102	44562.541655092624	44562.541666666701	44562.583321759324	44562.583333333401	44562.624988426025	44562.625000000102	44562.666655092624	44562.666666666701	44562.708321759324	44562.708333333401	44562.749988426025	44562.750000000102	44562.791655092726	44562.791666666802	44562.833321759324	44562.833333333401	44562.874988426025	44562.875000000102	44562.916655092726	44562.916666666802	44562.958321759324	44562.958333333401	44562.999988425923	68.743315068493118	68.743315068493118	70.303342465753403	70.303342465753403	60.933369863013667	60.933369863013667	57.624027397260313	57.624027397260313	56.064054794520573	56.064054794520573	59.928712328767169	59.928712328767169	75.994794520547956	75.994794520547956	99.642191780822003	99.642191780822003	123.54021917808214	123.54021917808214	111.25378082191789	111.25378082191789	91.828465753424709	91.828465753424709	77.975863013698699	77.975863013698699	68.955123287671213	68.955123287671213	68.239972602739712	68.239972602739712	66.861369863013707	66.861369863013707	71.157424657534222	71.157424657534222	79.061479452054826	79.061479452054826	93.039397260274029	93.039397260274029	111.15468493150682	111.15468493150682	130.15616438356162	130.15616438356162	142.06624657534252	142.06624657534252	130.63238356164388	130.63238356164388	104.12317808219184	104.12317808219184	82.416958904109649	82.416958904109649	2025	44562	44562.041655092587	44562.041666666664	44562.083321759259	44562.083333333336	44562.124988425923	44562.125	44562.166655092624	44562.166666666701	44562.208321759324	44562.208333333401	44562.249988425923	44562.25	44562.291655092624	44562.291666666701	44562.333321759324	44562.333333333401	44562.374988425923	44562.375	44562.416655092624	44562.416666666701	44562.458321759324	44562.458333333401	44562.499988426025	44562.500000000102	44562.541655092624	44562.541666666701	44562.583321759324	44562.583333333401	44562.624988426025	44562.625000000102	44562.666655092624	44562.666666666701	44562.708321759324	44562.708333333401	44562.749988426025	44562.750000000102	44562.791655092726	44562.791666666802	44562.833321759324	44562.833333333401	44562.874988426025	44562.875000000102	44562.916655092726	44562.916666666802	44562.958321759324	44562.958333333401	44562.999988425923	63.231513698630103	63.231513698630103	65.972999999999985	65.972999999999985	57.056780821917833	57.056780821917833	52.072965753424704	52.072965753424704	51.269671232876703	51.269671232876703	56.922972602739755	56.922972602739755	80.854294520547981	80.854294520547981	105.02641095890399	105.02641095890399	124.04671232876701	124.04671232876701	108.88654794520549	108.88654794520549	88.011123287671211	88.011123287671211	71.75167123287676	71.75167123287676	64.639150684931465	64.639150684931465	63.650493150684873	63.650493150684873	64.993342465753429	64.993342465753429	70.914986301369865	70.914986301369865	77.898438356164419	77.898438356164419	93.351123287671257	93.351123287671257	118.59558904109586	118.59558904109586	132.61457534246574	132.61457534246574	139.26306849315066	139.26306849315066	125.09002739726013	125.09002739726013	99.838767123287539	99.838767123287539	81.42336986301369	81.42336986301369	Time


Electricity price, EUR/MWh




a	PV el.prod.	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	0.94930961254139701	1.93756848733785	3.8623015889049102	5.1292126305541093	7.0773298010719801	7.3706375726674693	7.1248479427772802	5.6571057818137795	3.6262024876077397	1.98442487216945	0.344722510151804	0.37480189413768999	b	DHW heating cons.	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	12.215458537238501	11.554242625540802	11.7345128958762	11.681901969446701	11.445748974796	10.4713536689856	10.1953052032204	10.484137749963899	10.8439422013812	11.15722339082	11.448736665592801	11.539887114224101	с	Apartments el.cons.	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	7.5400128042135997	6.6773386736229279	6.7310053812619586	6.4858718508024511	6.9091388544947163	6.1930049477242122	6.5931719349283631	6.3294217245691398	6.0983215416001935	6.5755385921414522	6.1953716228857578	6.9052888575172293	Common el.cons.	1.0149999999999999	0.96	0.56999999999999995	0.46	0.37	0.26500000000000001	0.21	0.28499999999999998	0.45	0.48	0.62	1.05	
Energy, MWh
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