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Abstract

The building sector is a major contributor to global energy consumption and greenhouse
gas emissions, and multi-family residential buildings play an important role in urban decar-
bonization and the transition toward sustainable cities and societies. This study proposes
decarbonization-oriented case studies for selecting heating, ventilation, and domestic hot
water systems by integrating environmental, economic, and social criteria aligned with
the Sustainable Development Goals (SDGs), particularly SDG 7 and SDG 11. This research
compares selected conventional and low-carbon building-level heating, ventilation, and
domestic hot water systems, including gas boilers and heat pumps integrated with re-
newable energy and heat recovery. The evaluation is based on a calculation-based energy
performance assessment using a quasi-static monthly heat balance approach, economic in-
dicator analysis, and environmental assessment based on primary, final, and useful energy
demand and CO2 emissions. Cooling energy demand was not included in the assessment
because the analyzed scenarios were limited to heating, ventilation, and domestic hot
water preparation. Furthermore, the social implications are examined, considering energy
affordability, long-term operating costs, and the potential to mitigate energy poverty. The
results indicate that low-carbon HVAC systems, particularly heat pump systems integrated
with renewable energy sources, significantly reduce CO2 emissions and primary energy
consumption compared to conventional solutions. Although they require a higher initial
investment, they can achieve lower life cycle costs over the building’s lifetime. The study
concludes that holistic, decarbonization-oriented technologies can support cost-effective,
socially responsible pathways toward low-carbon, energy-efficient multi-family residential
buildings and sustainable urban development.

Keywords: heating systems; domestic hot water; renewable energy; energy efficiency;
sustainable solutions

1. Introduction
The building sector is one of the most significant contributors to global energy consump-

tion and greenhouse gas (GHG) emissions, accounting for approximately 40% of total final
energy (EF) demand and nearly 36% of energy-related CO2 emissions worldwide [1,2]. Within
this sector, residential buildings represent the dominant share of energy use, with heating and
cooling alone accounting for close to 50% of total building energy requirements [3]. Although
cooling demand is becoming increasingly relevant in European residential buildings, the
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present study focuses on heating, ventilation, and domestic hot water systems, which were the
building-level systems covered by the available design documentation and calculation frame-
work. Against this backdrop, the decarbonization of the built environment has emerged as a
central challenge in global climate policy, particularly in the context of the Paris Agreement’s
target to limit global warming to 1.5–2 ◦C above pre-industrial levels [4,5]. Multi-family resi-
dential buildings occupy a pivotal position in urban energy systems. They house a substantial
share of the global population and account for disproportionately high energy consumption
compared to single-family dwellings, primarily due to complex ownership structures, aging
building stock, and historically limited investment in energy efficiency upgrades [6,7]. In
the United States, for example, roughly 30% of people live in multi-family dwellings, yet
this segment receives the least attention in energy-efficiency interventions [6]. In Europe,
approximately 75% of the existing building stock is classified as energy inefficient, and the res-
idential sector accounts for 26% of total EF consumption [1]. Achieving the European Union’s
climate-neutrality target by 2050 will require a significant acceleration in deep renovation rates,
currently estimated at 0.5–2.5% per year [1,8]. Similar challenges are present across many
other regions, from central European countries such as Poland [9] to developing economies
in Asia and the Middle East [10,11]. The decarbonization of residential heating has increas-
ingly shifted toward the electrification of building energy systems, supported by the rapid
expansion of renewable electricity generation and stricter environmental regulations [12–14].
In the European Union, policies such as the Renovation Wave strategy and the Fit for 55
package emphasize the phase-out of fossil fuel-based heating systems and the large-scale
deployment of heat pump technologies, particularly in dense urban environments [15,16].
Similar policy directions are observed in other major economies, where building electrification
is considered a key pathway to reducing emissions while improving energy system flexibility
and resilience [17].

The effectiveness of such transitions depends on the technical performance of indi-
vidual heating, ventilation, and air (HVAC) technologies and on their interaction with
building characteristics, climate conditions, and user behavior, which introduces additional
complexity into decision-making processes [18]. HVAC systems are the primary drivers of
energy consumption in residential buildings and thus represent the most critical leverage
point for decarbonization interventions [19]. Conventional HVAC systems powered by
natural gas boilers and fossil fuel combustion continue to dominate the residential heating
market in many countries, contributing substantially to both primary energy (EP) demand
and CO2 emissions [9]. The transition toward low-carbon alternatives, most notably heat
pump technologies, an energy grid fed by renewable sources, and hybrid configurations
integrating photovoltaic (PV) or solar thermal collectors, has gained considerable momen-
tum in recent years. It is driven by regulatory pressure, rapidly declining technology costs,
and growing environmental awareness among policymakers and building owners [20–22].

Despite growing research on individual HVAC technologies and their energy perfor-
mance, a critical gap remains in the literature: the lack of integrated, multidimensional
studies that systematically compare conventional and low-carbon HVAC options across
economic, environmental, and social dimensions simultaneously, specifically for multi-
family residential buildings. Most existing studies focus on a single performance criterion,
such as life cycle cost (LCC) minimization or CO2 emission reduction, or apply multi-
criteria approaches to single-family dwellings or commercial buildings [23,24]. The social
dimension of HVAC selection, including energy affordability, exposure to energy poverty,
and long-term operating cost burdens for tenants and low-income households, receives
particularly limited attention in the engineering literature, despite its growing policy rel-
evance under frameworks such as the European Energy Poverty Observatory and the
United Nations Sustainable Development Goals (SDGs) [25]. The social implications of
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HVAC system selection are becoming increasingly important, particularly in the context of
rising energy prices and growing concerns about energy poverty [26]. While low-carbon
technologies such as heat pumps offer significant long-term environmental and economic
benefits, their high upfront costs and dependence on electricity prices may create barriers
for widespread adoption, especially in multi-family residential buildings with diverse
ownership structures and income levels [27–29].

Recent studies highlight that energy affordability, cost and benefit distribution, and
tenant–owner dynamics play a critical role in determining the real-world feasibility of
decarbonization strategies [30,31]. Despite this, the integration of social criteria into techni-
cal and economic assessments remains limited, reinforcing the need for comprehensive,
multi-dimensional evaluation that captures the full spectrum of impacts associated with
HVAC system transitions [32–34]. The present research is driven by the need to bridge this
gap. It proposes decarbonization-oriented case studies for selecting HVAC technologies in
multi-family residential buildings, integrating environmental, economic, and social criteria
in line with sustainable development principles, particularly SDG 7 (Affordable and Clean
Energy) and SDG 11 (Sustainable Cities and Communities). The study compares a range of
heating systems using a calculation-based energy performance assessment using a quasi-
static monthly heat balance approach, economy indicator analysis, and environmental
assessments based on EP demand and CO2 emissions. Social implications are evaluated
through energy affordability, long-term operating costs, and the potential to reduce energy
poverty. In this research, three HVAC system scenarios with different levels of decarboniza-
tion and renewable energy integration were analyzed: (i) a ground-to-water heat pump
(GSHP) supported by a PV installation, (ii) an air-to-water heat pump (ASHP) and PV to
domestic hot water (DHW), and (iii) a conventional system based on a gas boiler. The aim
of this study is to develop a multi-criteria approach to selecting heating, ventilation, and
domestic hot water systems in multi-family residential buildings (Figure 1). The findings of
this research may support designers, investors, and policymakers in selecting cost-effective,
environmentally sustainable HVAC systems for multi-family residential buildings.

Figure 1. Selecting a heating, ventilation, and domestic hot water system for multi-family housing.
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2. Materials and Methods
2.1. Research Facility

The study focuses on a multi-family residential building located in the Mazovia
Province of Poland, within a temperate climate zone. As presented in the Supplementary
Materials (SM) (Figure S1a), the regional climate was characterized by significant seasonal
temperature variations in 2025, with the lowest average temperature recorded in February
(−1 ◦C) and peak thermal conditions reaching 20 ◦C during July and August. Concurrently,
the economic context of the building’s energy performance is shaped by a sharp increase in
electricity prices over the analyzed period, rising from approximately 0.50 PLN/kWh in
2012 to 0.92 PLN/kWh in 2025 (Supplementary Materials, Figure S1b).

The analyzed building is part of a multi-family residential complex consisting of sev-
eral residential buildings connected by an underground garage and technical infrastructure.
A transportation network has been designed within the development, including internal
roads, sidewalks, parking spaces, green areas, and recreational spaces for residents. The site
has been equipped with basic technical infrastructure, including water supply, sanitary and
storm sewer connections, and gas, electrical, and telecommunications systems. Rainwater
is drained into a retention and infiltration system, and biologically active surfaces, such
as green roofs, have been designed on some flat roofs. The components of the example
heating system used are shown in Figure 2.

Figure 2. Components of the heating system: (a) floor screeds over the underfloor heating system,
(b) ASHP, (c) underfloor heating manifold, (d) water supply connection and underfloor heat recovery
ventilation ducting, (e) underfloor heating system installation, (f) buffer tank and DHW cylinder.

The analyzed building has a usable floor area of approximately 2190 m2 and a volume
of approximately 9560 m3. The building was analyzed as a whole-building multi-family
residential facility rather than at the level of individual apartments. The residential floors
have a repetitive functional layout typical of this building type, and the computational
comparison focused on building-level heating, ventilation, and DHW systems rather than
on apartment-level spatial variability. It consists of residential units with varying usable
floor areas, ranging from approximately 30 m2 to over 70 m2, each with an assigned bal-
cony or terrace. The facility also includes common areas, such as stairwells, hallways,
and utility rooms. The building was constructed using traditional masonry techniques
with reinforced concrete elements. The exterior walls were built with silicate blocks and
insulated with a layer of expanded polystyrene, while the roof was flat and insulated. The
heat transfer coefficients for the building’s external walls are at the threshold of current
technical requirements (TS 2022) [35], ranging 0.16 W/(m2·K) to 0.19 W/(m2·K) (maximum
0.20 W/(m2·K)), while the roof value is approximately 0.12 W/(m2·K) (permissible limit:
0.15 W/(m2·K)). In turn, the windows were designed with a heat transfer coefficient not
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exceeding 1.10 W/(m2·K) (permissible limit: 0.9 W/(m2·K), while the doors were designed
with a coefficient no greater than 1.50 W/(m2·K) (allowable: 1.3 W/(m2·K). These compo-
nents do not meet the thermal insulation requirements, but in each scenario examined, the
same parameters for transparent partitions and doors were assumed, ensuring they served
as a consistent reference basis for all simulations.

The building described was selected as a reference structure for conducting a
calculation-based energy performance assessment and analyzing different heating, ventila-
tion, and domestic hot water systems in multi-family buildings under climatic conditions
typical of Central and Eastern Europe. Envelope components and Internal heat gains
assumptions are presented in Supplementary S2 (Tables S1 and S2).

To contextualize the environmental, economic, and social interpretation of the ana-
lyzed scenarios, the typical occupant profile of the case-study building is characterized
using national and regional statistical sources and peer-reviewed literature. The analyzed
building typology and apartment size structure are consistent with contemporary mid-
scale multi-family residential developments commonly delivered in metropolitan and
peri-urban areas of the Mazovia Province. The apartments range from approximately
30 to 70 m2 and are therefore primarily intended for single-person households, couples, or
small families. According to Statistics Poland (GUS), the average household size reported
in the 2021 National Population and Housing Census was 2.50 persons nationally and
approximately 2.20 persons in the Mazovia Province [36]. The tenure structure of such de-
velopments is typically mixed, combining owner-occupiers with a substantial private rental
segment. This aspect is relevant from a sustainability perspective because landlord–tenant
relationships are frequently associated with split-incentive barriers limiting investments in
deep retrofits and low-carbon heating technologies [28,30].

The socio-economic context is also reflected in national indicators of energy-related
vulnerability. Previous multidimensional studies on energy poverty in Poland estimated
that approximately 10% of households experienced multidimensional energy poverty,
depending on the methodology and indicators used. Elevated vulnerability has been
particularly associated with older residential buildings, pension-dependent households,
and economically vulnerable population groups [37–40]. Heating expenditure represents
a substantial component of household energy budgets in Central and Eastern Europe,
increasing household sensitivity to fluctuations in fuel and heating prices [26,37]. Although
the analyzed building represents newly constructed housing designed according to current
thermal standards and therefore generally belongs to a less vulnerable segment of the
residential stock, the diversity of household structures potentially occupying 30–70 m2

apartments may still imply heterogeneous exposure to energy-cost burdens. This is relevant
when interpreting the comparative welfare implications of the GSHP + PV, ASHP + PV,
and gas boiler scenarios [28,30].

2.2. Methodology

The energy performance assessment for the building was conducted using a calcu-
lation model that incorporated the facility’s actual technical specifications and system
configurations. Because metered energy consumption data were unavailable, the analysis
used a calculation-based energy performance assessment to compare strategies under stan-
dardized climate and occupancy assumptions. The approach should be understood as a
quasi-static monthly heat balance calculation, not as a dynamic building energy simulation.
The scenarios did not include active cooling systems or cooling energy demand. The
analysis was limited to heating, ventilation, and DHW preparation, which represent the
main building-level systems considered in the available design documentation. In multi-
family residential buildings, individual dwelling owners or tenants may independently
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install local air-conditioning units, and their use depends strongly on household-level
preferences, occupancy patterns, equipment selection, and willingness to pay. Therefore,
assuming a uniform cooling demand for the entire building would introduce substantial
uncertainty and could reduce the comparability of the analyzed building-level scenarios.
District heating was not included as a separate scenario because the study was designed to
compare building-level systems configurations for which detailed technical and cost data
were available for the analyzed facility. In the Polish and European urban context, district
heating represents an important alternative. However, its environmental and economic
performance is highly dependent on local network characteristics, including the fuel mix,
supply temperature, network losses, tariff structure, and ongoing decarbonization pathway
of the heat supplier. Therefore, including a district heating scenario without site-specific
network data could reduce the comparability of the simulated building-level scenarios.

Calculations were conducted using ArCADia-TERMO software (ArCADia-TERMO
8.0 (64 bit)), which follows the Polish methodology for determining building energy per-
formance as outlined in Technical Standards 2022. In this study, the software was used
to perform a standardized, quasi-static monthly heat balance calculation rather than a
dynamic building energy simulation. This software facilitates geometric modeling of
buildings, entry of building envelope parameters, identification of thermal zones, and
specification of technical systems. The following indoor temperatures were adopted in
the computational model: 24 ◦C for bathrooms and toilets, 20 ◦C for residential rooms,
and 16 ◦C for stairwells and circulation areas. No apartment-specific occupancy sched-
ules or user-defined operational profiles were introduced. The assessment followed the
standardized Polish calculation methodology, using normative assumptions embedded in
the energy performance calculation framework. This was consistent with the comparative
purpose of the study, in which all scenarios were evaluated under the same standardized
boundary conditions. The model was not calibrated against measured operational data
because such data were unavailable for the analyzed building. Therefore, the study should
be interpreted as a comparative standardized energy performance assessment rather than
a predictive operational simulation. The computational model enables the determination
of EU (useful energy), EF, and EP demand indicators for individual technical systems.
Additionally, the software supports the integration of renewable energy systems, such as
heat pumps and PV installations, allowing for a comprehensive analysis of building energy
retrofit options.

In this study, the energy performance assessment was conducted in accordance with
TS 2022 using the calculation method. This method uses a quasi-static monthly heat
balance to estimate useful energy demand for space heating. Accordingly, the software
applies Formula (1).

QH,nd = ∑12
m=1

[
(HT + HV)·(Tint − Text,m)·tm − η·Qg,m

]
(1)

where

QH,nd—annual EU demand for space heating [kWh/year],
HT—heat loss coefficient due to transmission [W/K],
HV—heat loss coefficient due to ventilation [W/K],
Tint—indoor temperature [◦C],
Text,m—average outdoor temperature in month m [◦C],
tm—number of hours in month m [h],
η—utilization factor of heat gains [−],
Qg,m—heat gains in month m (e.g., from occupants, appliances, solar radiation) [kWh].
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Table 1 presents a detailed breakdown of the heating system parameters, highlighting
their contribution to overall energy efficiency and CO2 emissions. Based on the data in
Table 1, the annual demand for EU for heating and ventilation can be calculated.

Table 1. Summary of heating system parameters in the context of energy efficiency and CO2 emissions
based on selected Scenario 1.

Group Name Residential Units Hallway and
Vestibule

Residential
Units

Hallway and
Vestibule Unit

Heat Source Name GSHP On-Site Electricity
Generation from Solar Energy

Percentage share of the source in the group 90 90 10 10 %

Annual demand for EU for heating QH, nd 23,661.95 21.36 2629.11 2.37 kWh/year

Generation Generation efficiency

Type of fuel

Public electricity
grid—electricity/On-site

electricity generation from
solar energy

wH 2.50 2.50 0.00 0.00 -

Type of heat
source

Direct-expansion
water-to-water/GSHP,

compressor type, electrically
driven (35/28 ◦C)

We, H, CO2 93.87 93.87 0.00 0.00 t CO2/TJ

ηH,g 4.00 4.00 4.00 4.00 -

Control Control efficiency

Type of
installation

Water-based underfloor
heating with central and local
control using a two-position or

proportional controller

ηH,e 0.89 0.89 0.89 0.89 -

η′
H,e 0.89 0.89 0.89 0.89 -

χ 1.00 1.00 1.00 1.00 -

Distribution Energy of distribution

Type of
heating

installation

Central heating from a local
heat source located in the

heated building with insulated
pipes, fittings, and devices

installed in an unheated space

ηH,d 0.96 0.96 0.96 0.96 -

Heat accumulation Efficiency of accumulation

Tank
parameters

Heat storage tank in a heating
system with 55/45 ◦C

operating temperatures,
located in a heated space

ηH,s 0.95 0.95 0.95 0.95 -

Auxiliary devices

Annual demand for final electric energy for the
operation of auxiliary heating and ventilation

system devices

Eel, pom, H, v 5855.39 648.41 92.36 10.23 kWh/year

wel 2.50 2.50 2.50 2.50 -

we, pom, H, C 93.87 93.87 93.87 93.87 t CO2/TJ

Type of fuel National power grid—Electric
energy ηH,tot 3.25 3.25 3.25 3.25 -

Similar data are required to determine energy demand for DHW preparation. This is
done using Formula (2):

QW,nd = Vw,year·ρw·cw·(Thot − Tcold) (2)

where

QW,nd—annual EU demand for DHW preparation [kWh/year],
Vw,year—annual volume of hot water consumption [m3/year],
ρw—density of water [kg/m3],
cw—specific heat capacity of water [kWh/(kg·K)],
Thot—temperature of hot water [◦C or K],
Tcold—temperature of cold water [◦C or K].
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Both Formulas (1) and (2) are consistent with the Polish technical calculation method-
ology; however, their theoretical basis stems from ISO 52016-1 [41], which provides a
framework for calculating energy demand for heating, cooling, and domestic hot water
in buildings. The data used for the DHW system analysis are presented in Table 2. The
remaining scenarios are presented in Supplementary S3 (Tables S3–S6).

Table 2. Summary of DHW system parameters in the context of energy efficiency and CO2 emissions
in selected Scenario 1.

Group Name Residential Units Hallway and
Vestibule

Residential
Units

Hallway and
Vestibule Unit

Heat Source Name GSHP On-Site Electricity Genera-
tion from Solar Energy

Percentage share of the source in the group: 90 90 10 10 %

Annual demand for EU for DHW QW, nd 45,178.57 4657.90 5019.84 517.54 kWh/year

Generation Generation efficiency

Type of fuel National power grid—Electric
energy

wW 2.50 2.50 0.00 0.00 -

We,W, CO2 93.87 93.87 0.00 0.00 T CO2/TJ

Type of heat
source

Direct-expansion GSHP,
compressor type, electrically

driven
ηW,g 3.00 3.00 3.00 3.00 -

Distribution Distribution efficiency

Type of DHW
installation

Central hot water
systems—systems with

circulation loops and working
time limitation, with
installation risers and

insulated pipes

ηW,d 0.60 0.60 0.60 0.60 -

Number of hot water draw-off
points above 100

Heat accumulation Accumulation efficiency

Storage tank
parameters

Domestic hot water storage
tank manufactured after 2005 ηW,s 0.85 0.85 0.85 0.85 -

Auxiliary devices

Annual demand for final electric energy for the
operation of the DHW preparation system

auxiliary devices

Eel,pom,W 761.17 85.88 92.36 10.23 kWh/year

wel 2.50 2.50 2.50 2.50 -

we,pom,H,CO2 93.87 93.87 93.87 93.87 T CO2/TJ

Type of fuel National power grid—Electric
energy ηW,tot 1.53 1.53 1.53 1.53 -

3. Results and Discussion
A comparison of the annual demand indicators for EU, EF, and EP for the analyzed

scenarios is presented in Figure 3. The EU remained constant across all three cases at
36.6 kWh/(m2·y). The constancy of this parameter results from the assumption of identical
insulation characteristics for the building’s external partitions, which allows for isolating
the impact of the HVAC technologies themselves on the EF balance. The highest system
efficiency was observed in Scenario 1 (Figure 3a), with an EF indicator of 23.2 kWh/(m2·y).
This is a result of using a high-efficiency GSHP (average seasonal generation efficiency,
η = 4.00) and integrating it with a solar energy system. Compared to Scenario 3, which
had the lowest efficiency (EF = 82.5 kWh/(m2·y)), the reduction in energy delivered to
the building in Scenario 1 is more than three times smaller. The EP indicator, which is
crucial under Polish technical and construction legislation, amounted to 53.0 kWh/(m2·y)
for Scenario 1. This value is significantly lower than the WT2021 requirements for new
multi-family buildings (EPmax = 65 kWh/(m2·y), confirming the high energy efficiency of
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the adopted solution based on the electrification of heating supported by RES (Renewable
Energy Sources). An analysis of the RES (Figure 3b) shows the dominant role of renewable
energy sources in Scenario 1. The share of renewable energy sources in annual EF demand
reached 81.91%. This result is due to the synergy between low-temperature surface heating,
a GSHP, and on-site solar energy generation. Scenario 2 shows a moderate RES share of
57.1%, with hybrid systems or less efficient heat pumps (e.g., air-source) and a smaller-
scale prosumer micro-installation. Scenario 3 is characterized by a zero share of RES (0%),
corresponding to conventional systems based entirely on fossil fuels (e.g., gas boilers) or
direct electric heating from a coal-based grid. In line with the literature, the choice of HVAC
technology significantly impacts a building’s carbon footprint (Figure 3c).

Figure 3. Comparison of scenarios according to (a) energy demand, (b) RES share, (c) CO2 emission.

The specific CO2 emissions for Scenario 1 amount to just 0.00717 t CO2/(m2·year).
Switching from Scenario 3 (emissions of 0.01674 t CO2/(m2·year)) to Scenario 1 allows
for a 57.2% reduction in greenhouse gas emissions. This scale of emission savings aligns
with the European Union’s decarbonization goals for the construction sector by 2050 and
the implementation of the UN Sustainable Development Goals (SDG 7 and SDG 11). It
should be noted that, despite the high upfront investment costs often associated with the
technologies in Scenario 1 (GSHP + PV), the resulting low EF and EP values and high
share of renewable energy minimize residents’ exposure to the risk of energy poverty
by significantly reducing operating costs. A very important factor in selecting HVAC
systems is the payback period. In many cases, this factor is decisive for potential users
when choosing a specific solution. Based on the data presented in Table 3, a simplified
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payback analysis was performed, accounting for investment costs (including purchase and
installation) and operating costs over time until cost recovery.

Table 3. Data used for the payback period calculation [42–47].

Scenario Energy Demand Average Prizes Investment Cost
(Equipment + Installation) CO2 Emission

1
Electricity purchased from the grid:

43,610.36 kWh/year; electricity
covered by PV: 4089.90 kWh/year

Electricity:
1.1314 PLN/kWh 88,490 PLN 0.00717 t/m2·year

2
Electricity purchased from the grid:

46,245.81 kWh/year; electricity
covered by PV: 3280.94 kWh/year

Electricity:
1.1314 PLN/kWh 48,900 PLN 0.00844 t/m2·year

3 Natural gas: 170,726.13 kWh/year;
auxiliary electricity: 1198.31 kWh/year

Gas: 0.3726 PLN/kWh;
electricity (gross):
1.1314 PLN/kWh

12,000 PLN 0.01674 t/m2·year

Figure 4 presents the results of this analysis. The cost distribution over time clearly
shows two important break-even points (Figure 4a). These indicate that the solutions
applied in Scenario 2, compared to the conventional Scenario 3, achieve payback just over
2 years, while Scenario 1 reaches its payback point after approximately 4 years. This rela-
tively short payback period is primarily due to the significantly higher operating costs of
the conventional gas-based system. Scenarios 1 and 2 do not exhibit a clear intersection
point in the short term due to the high initial investment costs and relatively small differ-
ences in energy demand. However, their cost curves intersect after approximately 11 years,
indicating that Scenario 1 becomes more cost-effective than Scenario 2 in the long term.

Figure 4. Comparative analysis of (a) cumulative cost distribution and (b) CO2 emissions for Scenarios
1–3 over a 12-year horizon.

Figure 4 also presents an analysis of CO2 emissions over the same period (Figure 4b).
The results clearly highlight the environmental disadvantage of Scenario 3. After 12 years,
CO2 emissions in Scenario 1 are 17% lower than in Scenario 2 and more than twice as low
as in Scenario 3. This indicates that the selection of solutions should not be based solely
on cost but should also consider the problem’s complexity. Overall, the results confirm
that Scenario 1 offers the best balance between environmental performance and long-term
economic efficiency, while Scenario 2 may represent a more accessible compromise.
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An important aspect to consider when evaluating the analyzed heating, ventilation,
and DHW systems is their sensitivity to external conditions, particularly climatic [48] and
energy price fluctuations [49]. The performance of heat pump systems, especially ASHP
(Scenario 2), is strongly dependent on outdoor temperature [50,51]. Lower outdoor tem-
peratures reduce the coefficient of performance (COP), increasing electricity consumption
and operating costs. This effect is particularly relevant in climates with significant seasonal
variability, such as those in Poland. It should be noted, however, that the analysis was based
on average monthly temperatures, so short-term variability, such as daily fluctuations, was
not fully captured. In practice, this may lead to deviations from the modeled performance,
especially during periods of extreme temperatures.

According to existing research, discrepancies between calculation-based energy per-
formance estimates and real-world energy use can generally be attributed to three main
factors. (i) Occupant behavior and mishandling: real-world energy consumption heavily
depends on user interactions (e.g., window opening, thermostat adjustments, hot water
usage profiles). Studies show that occupant mishandling and behavioral deviations can
introduce a significant variance of 15% to 80% in actual energy outcomes compared to
standardized occupancy schedules utilized in simulations [52]. (ii) Design vs. “as-built”
model: minor deviations between design specifications (e.g., theoretical airtightness, ac-
tual insulation continuity) and real-world construction quality) (between 20–60%) [52].
(iii) Weather variability: the discrepancy between the standard Typical Meteorological Year
used in the simulation and actual, real-world weather conditions. TWYs could underes-
timate the dominant energy demand in the range of 2–11% [53]. Furthermore, empirical
meta-analyses summarizing this performance gap in residential structures reveal systematic
technological biases. Specifically, while simulation values for natural gas consumption tend
to be relatively accurate (often overestimating demand by only around 5%), simulations
frequently underestimate electricity consumption in highly electrified systems by as much
as 30% [54]. Regarding long-term operational predictability, GSHP systems (Scenario 1)
are less sensitive to short-term temperature fluctuations because the ground remains rel-
atively stable, resulting in more stable performance throughout the year, lower energy
consumption, and more predictable operating costs. At the same time, another critical
factor influencing the results is the variability of energy prices.

Although the analysis shows a clear increase in operating costs over the period, it
assumes constant electricity prices across all analyzed years, which is a simplification of
real market conditions. In reality, both electricity and fuel prices are subject to significant
fluctuations, which may substantially influence operating costs, the economic performance
of the analyzed systems, and the overall payback period.

The results of this study are consistent with the literature, which highlights the advan-
tages of heat pump-based systems over conventional fossil-fuel solutions [55,56]. Previous
analyses have shown that gas-based heating systems are associated with greater EP demand
compared to heat pump technologies, even when accounting for current national energy
mixes and significantly higher CO2 emissions [9]. Recent studies emphasize that while
gas boilers have reached their theoretical efficiency limits, heat pumps continue to benefit
from the ongoing “greening” of the electricity grid, further widening the sustainability gap
between these technologies [57].

ASHPs are widely recognized as a cost-effective and flexible solution for residential
buildings, particularly in retrofit applications, due to their relatively low installation costs
and ability to provide both heating and cooling [22,58]. However, their performance is
more sensitive to external climatic conditions, particularly outdoor temperature variations,
which may affect seasonal efficiency and operational stability. Additionally, Brudermueller
et al. find that 17% of air-source and 2% of ground-source heat pumps do not meet existing
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efficiency standards, and around 10% of systems are oversized, while approximately 1% are
undersized [59]. This performance gap often stems from inadequate hydraulic balancing
or incorrect control settings, highlighting that the theoretical benefits of heat pumps are
frequently undermined by installation errors [60].

Nevertheless, integrating renewable energy sources with heat pump systems, particu-
larly PV installations, has been shown to significantly improve both environmental and
economic performance. Padovani et al. indicate that PV-assisted heat pump systems can
reduce greenhouse gas emissions by up to 50% under current conditions and even more
under future low-carbon electricity scenarios, while maintaining competitive LCC [20].
Furthermore, optimization-based analyses have demonstrated that hybrid configurations
combining PV systems with heat pumps can achieve high shares of renewable energy and
improved overall system performance in residential buildings [24,61]. These findings align
with the results of the present study, in which Scenario 1, combining a GSHP with PV
support, achieved the best overall performance in terms of energy efficiency, CO2 emissions,
and long-term economic outcomes. At the same time, Scenario 2 represents a compromise
solution, confirming observations from previous research that ASHP-based systems can
offer a balance between investment cost and performance, although with higher sensitivity
to external conditions.

Beyond the economic dimension, the three scenarios were comparatively evaluated
from a social perspective to situate the technical findings within the broader sustainability
agenda. The residential heating choices are closely associated with household energy
affordability and, consequently, with exposure to energy poverty, an issue of relevance
in Central and Eastern European contexts where space heating constitutes a major share
of household energy expenditure [26,37,62]. Within this framework, the markedly lower
operating costs obtained for the GSHP + PV configuration may improve long-term af-
fordability and household financial resilience, whereas the persistently high recurrent
expenditure of the gas boiler scenario can be interpreted through the patterns described
by Bouzarovski [26] and Edwards et al. [28], in which fossil-based heating systems dispro-
portionately burden lower-income households. These findings are also consistent with
previous studies indicating that pathways partly supported by on-site renewable energy
generation may reduce exposure to electricity and gas price volatility, while conventional
gas-based systems remain more sensitive to fossil-fuel market fluctuations [30,37].

At the same time, important accessibility barriers to low-carbon technologies remain.
The high upfront capital costs may limit the adoption of advanced heat pump systems
among lower-income residents and housing cooperatives [28,30]. In multi-family resi-
dential buildings, these challenges are further intensified by split-incentive problems, in
which owners typically bear investment costs while tenants benefit from lower operating
expenses. Similar social and governance-related barriers have been identified in the en-
ergy transition literature by Amin et al. [32], Krumm et al. [33], and Petrov and Ryan [63].
From a social perspective, these observations indicate that the favorable technical and
environmental performance of the GSHP + PV scenario does not automatically guarantee
equitable implementation.

4. Conclusions
This study developed and applied a decarbonization-oriented framework for selecting

heating, ventilation, and domestic hot water systems in multi-family residential buildings,
integrating environmental, economic, and social criteria. The comparative analysis of three
scenarios demonstrated that the choice of heating and DHW technology has a substantial
impact on energy performance, carbon emissions, and long-term operating costs.
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The results clearly indicate that electrifying heating systems, particularly when com-
bined with on-site renewable energy generation, represents an effective pathway to decar-
bonize residential buildings. The system, based on a GSHP supported by a PV installation,
achieved the best overall performance, characterized by the lowest final and EP demand,
the highest share of renewable energy, and the lowest CO2 emissions. Despite higher initial
investment costs, this solution proved economically competitive over the building life cycle
due to significantly reduced operating expenses.

The ASHP scenario represents a viable compromise between investment cost and
performance. While offering lower upfront costs, its efficiency is more sensitive to climatic
conditions, particularly outdoor temperature variability, which may influence real-world
performance and operational stability. In contrast, the conventional gas-based system was
identified as the least favorable option, exhibiting the highest energy demand, the highest
CO2 emissions, and the greatest exposure to long-term cost increases.

The findings highlight a fundamental trade-off between initial investment costs and
long-term economic and environmental benefits. This confirms that decision-making re-
garding HVAC systems should be based on life cycle performance rather than upfront
costs alone. From a broader perspective, the results suggest that supporting the deploy-
ment of heat pump technologies and renewable energy systems can significantly con-
tribute to achieving climate neutrality targets while improving energy affordability for
building occupants.

An important contribution of this study is the integration of social criteria, including
energy affordability and the potential to mitigate energy poverty, into the evaluation
of HVAC systems. This aspect remains underrepresented in conventional engineering
analyses and provides a more comprehensive basis for decision-making in the context of
sustainable development.

The study is subject to several limitations The analysis was based on calculation-
derived energy performance data rather than measured operational data or dynamic
building energy simulation results, and it assumed constant energy prices over time. Cool-
ing energy demand was not assessed, which is a limitation, particularly given increasingly
warm summer conditions in Poland and other European urban contexts. This omission
also reflects the multi-family residential character of the analyzed building, where active
cooling is typically installed and operated at the individual dwelling level rather than as
a uniform building-level system. As a result, assuming a single cooling demand profile
for the entire building would require additional household-level assumptions and could
introduce considerable uncertainty. Additionally, using average climatic conditions does
not fully capture short-term variability or extreme weather events. Another limitation
is that district heating was not modeled as a separate scenario, despite its relevance in
Poland and many European urban areas. This omission reflects the building-level scope
of the study and the lack of locally specific district-heating network data required for a
reliable comparison. These factors may influence the real-world performance and economic
outcomes of the analyzed systems.

Accordingly, the conclusions of this study should be interpreted within clearly defined
boundary conditions. The findings are primarily applicable to multi-family residential
buildings of comparable size and construction characteristics, including masonry struc-
tures with reinforced concrete elements and envelope parameters close to the Polish TS
2022 thermal requirements, located in a temperate continental climate typical of Central
and Eastern Europe. The analyzed building represents a heating-dominated residential
context with energy prices, electricity grid characteristics, and regulatory conditions com-
parable to those observed in Poland during 2024–2026. The comparative performance
of the GSHP + PV, ASHP + PV, and gas boiler scenarios, including estimated payback
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periods, may vary depending on local climatic conditions, electricity and gas prices, the
carbon intensity of the national energy mix, and the regulatory framework governing
renewable energy and prosumer installations. Therefore, direct transfer of the numerical
results to single-family buildings, non-residential facilities, or regions with substantially
different climatic or market conditions should be approached with caution and may require
dedicated re-analysis using locally representative data.

Future research should incorporate dynamic energy pricing scenarios, real building
operation data, and sensitivity analyses to better reflect market conditions and user behavior.
Further work is needed to expand the proposed framework across different climatic regions
and building types, particularly by including cooling demand, overheating risk, and active
or passive cooling strategies under future climate scenarios. The social impacts associated
with energy system transitions should also be examined in greater depth.

Overall, the proposed framework can support designers, investors, and policymakers
in identifying cost-effective, low-carbon, and socially responsible HVAC solutions for
multi-family residential buildings, thereby contributing to the broader transition toward
sustainable, climate-neutral urban environments.
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ASHP Air-source heat pumps
CO2 Carbon dioxide
COP Coefficient of Performance
DHW Domestic hot water
EF Final Energy
EP Primary Energy
EU Useful Energy
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GHG Greenhouse Gas
GSHP Ground-source heat pumps
HVAC Heating, ventilation, and air conditioning
LCC Life cycle cost
PV Photovoltaic installations
RES Renewable energy sources
SDG Sustainable Development Goal
TS Technical Standards
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44. Urząd Regulacji Energetyki Prezes URE Zatwierdził Taryfy Na Gaz Na 2024 r. Available online: https://www.ure.gov.pl/pl/
urzad/informacje-ogolne/aktualnosci/11555,dok.html (accessed on 28 April 2026).
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