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HIGHLIGHTS

o 9 residential energy systems assessed in different European climate zones.
e Optimal system depends on local climate and energy price context.

e PV-heat pump system shows lowest LCOE across all climate zones.

e Solar-integrated systems reduce emissions and improve efficiency.

o Hydrogen boilers cut emissions but remain economically unviable.

ARTICLE INFO ABSTRACT
Keywords: This paper examines the techno-economic performance of domestic heating and cooling technologies across
Decarbonization pathways different climates. The novelty lies in the comprehensive assessment of a broad range of technological options

Energy system modeling
Heating and cooling
Heat pumps

using advanced thermodynamic and component-costing models. A holistic, like-for-like comparison is conducted
for combinations of technologies that meet all residential energy needs — space heating, domestic hot water,
Renewable energy integration space cooling, and electricity. Nine different system combinations are proposed, including natural gas boilers,
Solar energy photovoltaic systems, photovoltaic-thermal systems, solar thermal collectors, hydrogen boilers, air-to-water heat
Techno-economic analysis pumps, diffusion absorption refrigeration systems, and air-to-air air conditioners. These are analyzed for a typical
single-family house under three distinct European climates: Athens (Greece), Strasbourg (France), and Helsinki
(Finland), focusing on energy, economic, and environmental factors. From an economic perspective, the inte-
grated photovoltaic - heat pump system configuration consistently has the lowest levelized cost of energy (LCOE)
across all locations, ranging from 0.15 €/kWh in Athens to 0.20 €/kWh in Strasbourg. The photovoltaic-thermal —
heat pump system configuration follows with a slightly higher LCOE than the photovoltaic — heat pump system
(by 0.05-0.06 €/kWh) due to its higher initial costs. In general, solar integrated systems have an LCOE that is
0.10-0.20 €/kWh lower compared to the same systems that do not use solar energy. The payback time for the
photovoltaic — heat pump system ranges from 4.65 years in Finland to 8.95 years in Greece. Standalone heat
pump cost savings vary significantly and are lowest in Athens (403 €/year) and highest in Helsinki (2560 €/year)
when compared to gas boilers, influenced by the regional electricity-gas price ratio, which is higher in Greece.
However, photovoltaic and photovoltaic-thermal systems achieve a higher emission reduction in Athens (e.g.,
4.70 tons of CO3,eq/year for the photovoltaic — heat pump system), due to the carbon-intensive grid of Greece.
Although hydrogen boilers show a high emission reduction in Strasbourg and Helsinki (4.27 tons of CO2 ¢q/year),
they exhibit higher LCOE than other systems (> 0.60 €/kWh), with their future viability depending on green
hydrogen production costs. Overall, this study provides insights into residential energy systems across diverse
climates, highlighting the importance of context-specific technology choices.
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Nomenclature

Acronyms

AC Air conditioner

CO, Carbon dioxide

COoP Coefficient of performance (rate)
DAR Direct absorption refrigeration
DHW Domestic hot water

DSM Demand-side management

EER Energy efficiency ratio (rate)
EPCS Environmental penalty cost savings (Euro)
ER Emission reduction (kgCO-)

GWP Global warming potential (kgCO3,cq)
HEX Heat exchanger

HP Heat pump

HTF Heat transfer fluid

IRR Internal rate of return (rate)

LCOE Levelized cost of energy (Euro/kWh)

NGB Natural gas boiler
NPV Net present value (Euro)
PBT Payback time (years)

PV Photovoltaic

PVT Photovoltaic thermal

SAHP Solar-assisted heat pump

SC Space cooling

SFH Single-family house

SH Space heating

ST Solar thermal

TCS Total cost saving

Symbols

A Area (m?)

C Cost (€)

[ Specific heat capacity (J kg ' K1)
d Discount rate (rate)

D Diameter (m)

G Irradiance (W m~2)

heonv Convective heat transfer coefficient (W m2 K1)
H Height (m)

HV Heating value (J kg’l)

I Investment (€)

k Thermal conductivity (W/m/K)
L Length (m)

M Mass (kg)

N Number

Nu Nusselt number (—)

P Power (W)

Pr Prandtl number (—)
Q Heat flow (W)

R Thermal resistance (W m~2)
Ra Rayleigh Number (-)
Re Reynolds Number (—)
S Surface area (m?)

T Temperature (K)
Greek symbols

o Absorptivity (—)

B Temperature coefficient KD
n Efficiency (%)

e Heat exchanger effectiveness (—)
A Thermal conductivity (W m KD
@ Excess air ratio (—)
Subscripts

amb Ambient

app Appliance

aux Auxiliary

cov Covered

dem Demand

el Electrical

exc Excess

eq Equivalent

f Fuel

fg Flue gas

gen Generated

ins Insulation

lim Limit

max Maximum

min Minimum

mod Module

ng Natural gas

prod Production

ref Reference

s Saving

th Thermal

uncov Uncovered

WT Water tank

1. Introduction

The building sector is a significant contributor to global energy
consumption, accounting for 30 % of global final energy consumption.
In 2022, it was responsible for approximately 10 gigatons of COy
emissions, corresponding to about 26 % of global energy-related emis-
sions [1]. Addressing these emissions is critical to mitigating climate
change and achieving global sustainability goals. Given the long life-
times of heating and cooling technologies, current choices will affect
emissions for years. To achieve carbon neutrality by 2050, new build-
ings must be carbon-neutral by 2028, requiring urgent and trans-
formative action. [2] [3]. While improving energy efficiency, like better
insulation, can reduce emissions, it won’t fully cut them without tran-
sitioning away from fossil fuels. Thus, adopting advanced technologies,
improving energy efficiency of heating and cooling systems, and
increasing the share of renewable energy sources on-site are essential
steps. This not only reduces energy demand but also helps to decar-
bonize the building sector.

In the European Union, space heating (SH) and domestic hot water
(DHW) account for 78.4 % of residential energy demand [4], with 75 %
sourced from fossil fuels, 19 % from renewables, and the rest from
electricity [5]. Decarbonizing this sector is critical, and heat pump (HP)
systems that transfer heat from a cold ambient source to a hotter space
with an input of work less than the transferred heat [6], are gaining
momentum. HPs already account for 12 % of global residential heating
equipment sales, surpassing fossil fuel-based systems in some markets
like France. Their market share is expected to double by 2035, supported
by policies such as Norway’s 2017 ban on fossil fuel heating installations
[71, and Finland’s 2035 carbon neutrality goal [8].

Hydrogen is another proposed solution to decarbonize residential
heating, which produces only water when burned in a hydrogen boiler.
It benefits from the potential for repurposing of the existing natural gas
distribution infrastructure for hydrogen supply. However, transitioning
existing natural gas infrastructure to transport hydrogen presents sig-
nificant technical challenges due to hydrogen’s distinct properties
compared to natural gas. Existing steel pipelines, especially at high
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pressures, are prone to hydrogen embrittlement, which accelerates crack
propagation and degrades the material’s mechanical properties. Solu-
tions to combat this include applying an inner coating, implementing
operational strategies like keeping pressures steady to prevent crack
formation, and potentially using lower-grade, more ductile steel alloys.
Re-coating might enable operation at pressures closer to those used for
natural gas [9]. Hydrogen’s properties, such as its high diffusivity and
low molecular weight, increase the leakage risk compared to natural gas.
Distribution networks, with older sections made of steel or cast iron may
need to be replaced by polyethylene to mitigate leakage risk [10].
Additionally, hydrogen’s high flammability necessitates enhanced leak
detection systems and upgraded safety protocols [11]. Hydrogen’s
volumetric energy density is approximately one-third that of methane
[12], requiring larger pipeline volumes or significantly higher
compression efforts to transport equivalent energy content. This means
that the investment and operational costs for hydrogen compressors are
higher than for natural gas [12]. Given these challenges, this shift is
expected to be gradual [11]. For example, Germany plans to initially
blend up to 20 % hydrogen into the natural gas grid to address safety and
technical challenges [13]. Research indicates that blending ratios of
20-30 % is generally considered achievable with minimal network
changes, while 100% hydrogen transport requires comprehensive
infrastructure upgrades [10]. At the building level, hydrogen can
replace natural gas with minimal changes to existing systems. While the
boiler designs require specific design adaptations, existing components
(e.g., radiators) remain unchanged. Hydrogen is often categorized by
colors that reflect the greenhouse gas emissions associated with its
production [14]. Green hydrogen, produced via renewable-powered
electrolysis, is emission-free at the point of use. However, its wide-
spread adoption for residential heating is currently constrained by
several techno-economic and infrastructural challenges [15]. The pro-
duction of green hydrogen remains costly compared to conventional
methods that primarily rely on fossil fuels, due to the high investment
cost associated with electrolyzers. Furthermore, significant infra-
structural developments are required for hydrogen storage (due to its
high volume and low density, requiring high-pressure or cryogenic so-
lutions [16]), and distribution to enable its use in residential heating, as
previously discussed. While declining renewable energy prices and ad-
vancements in electrolyzer technology could make it economically
competitive with natural gas prices by 2050 [14], current production
remains limited. As of today, 96 % of hydrogen is fossil fuel-derived.
Only the remaining 4 % of hydrogen is produced via electrolysis, and
only 1 % of that is currently based on renewable energy [17].
Renewable energy technologies such as photovoltaic (PV), solar
thermal (ST), and photovoltaic-thermal (PVT) systems are critical for
decarbonizing energy systems. PV, in particular, has experienced a 90 %
reduction in the global weighted average levelized cost of energy
(LCOE) for utility-scale PV plants between 2010 and 2023 [18], driven
by improvements in manufacturing and materials. These advancements
have enabled remarkable growth in the global market and have made
solar energy one of the most affordable electricity sources [19]. By 2021,
PV supplied about 3.6% of the world’s electricity, with continued
growth expected in the coming years [20]. In contrast, ST converts
sunlight into heat, offering a sustainable alternative to fossil fuels in
heating applications. By 2023, global solar thermal capacity reached
560 GWy, (800 million m? of collectors), with a 3 % growth from 2022.
China leads with evacuated tube collectors, while Europe, the second-
largest market, primarily uses flat-plate collectors [21]. Meanwhile,
PVT systems combine PV for electricity and ST for heat generation in the
same area, resulting in higher overall efficiency and larger energy yields
than separate standalone PV or ST systems [22]. While PV cells convert
solar irradiation into electricity, the heat they absorb increases their
temperature, reducing efficiency (0.2-0.5 %/°C) [23]. PVT’s thermal
absorber plate captures excess heat from the PV cells with circulating
heat transfer fluid (mainly water or air [24]) which is then used for DHW
or SH demands. However, high working temperatures lead to greater
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losses in electrical efficiency, and PV panels have a maximum operation
temperature of around 85 °C [25]. Therefore, optimizing the heat-
electricity balance remains key. While PVT technology installed capac-
ity is lower than PV and ST technologies, Europe leads the market, which
grew 9 % annually (2017-2020), peaking at 13 % in 2021. However,
subsidy cuts caused sharp declines in the market (51 % in 2022, 30 % in
2023), reducing its competitiveness compared to more affordable PV
systems [21]. They remain, still, particularly valuable when the instal-
lation area is limited.

HP systems can be integrated with solar energy technologies (e.g.,
ST, PVT) to further enhance their efficiency and reduce operational
costs. Solar-assisted heat pumps (SAHPs) use solar energy for heat and
electricity, increasing renewable energy use and reducing electricity
demand [26,27]. SAHPs demonstrate a higher seasonal performance
factor but with greater initial costs [27]. They are classified by solar
technology (ST/PVT) [27], heat transfer fluid circulation (direct/indi-
rect expansion), and system configuration (parallel/serial/dual source)
[28]. Additionally, HPs can be paired with PV systems (PV-HP, typically
not classified as SAHPs) to reduce grid electricity use, while PVT-HP
systems reduce the HP’s workload by utilizing solar energy for both
heat and electricity.

When it comes to cooling demand, it is also a significant part of
energy needs in Europe, especially in warmer countries like Greece,
where it is largely met by electricity-driven systems like air-conditioners
(ACs). By contrast, thermally driven cooling systems can directly utilize
surplus thermal energy, such as solar thermal heat, thereby reducing
reliance on electricity and alleviating peak demand. There is growing
interest in absorption refrigeration cycles, especially for large-scale
cooling applications. [29]. Direct Absorption Refrigeration (DAR) sys-
tem [21,24]operates without electricity, has no moving parts, is quiet, is
vibration-free, and has a long lifespan [29,30]. Despite these benefits,
DAR systems currently exhibit relatively low COP (between 0.12 and
0.35 [30]) and remain limited commercial adoption compared to other
cooling technologies. The relevance of DAR systems in modern resi-
dential contexts lies primarily in their potential for integration with
sustainable heat sources such as solar thermal energy. Their ability to
utilize heat makes them particularly suitable for situations where low-
grade waste heat or solar thermal energy is readily available [31].
Furthermore, the potential for wider residential adoption is supported
by ongoing research and development aimed at overcoming current
limitations (e.g., alternative fluids or advanced component designs)
[32].

PV modules can contain toxic metals such as lead in solder, the cell
metallization layer, or cadmium in thin-film modules, necessitating
specialized disposal procedures [1]. If not properly managed, these
materials pose severe environmental and human health risks if released
into the ecosystem [2]. Proper end-of-life management options include
reuse and repair for reuse, recycling, storage, and disposal. Recycling is a
preferred option that helps reduce environmental impact and allows for
the recovery of valuable materials [1]. PVT systems present even greater
recycling challenges due to their integrated design, which complicates
material separation and recovery. When examining solar thermal col-
lectors, they are generally considered to have fewer hazardous compo-
nents compared to PV systems [3]. However, their HTFs, often glycol-
based, require careful handling and safe disposal to prevent environ-
mental contamination. On the other hand, heat pumps and air condi-
tioners utilize refrigerants, many of which are potent greenhouse gases
with significant environmental implications. Regulations concerning the
GWP of refrigerants are evolving (e.g., EU F-Gas Regulation [4]), with
increasingly stringent requirements for recovery, handling, and
disposal. It is essential to implement proper refrigerant recovery pro-
cedures during the decommissioning of these systems [5].

In the existing literature, there are numerous studies focusing on the
aforementioned technologies, often comparing them in the context of
specific demands such as SH and/or DHW. For instance, Ref. [33]
compares heat pumps and gas boilers in terms of energy consumption
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across different residential building types demonstrating primary energy
savings. Similarly, Ref. [34] examines different configurations of PVT
and HP, highlighting improvements in COP and energy efficiency.
Additionally, Ref. [35] evaluates PV and PVT systems for combined heat
and power provision at a sports center in Bari, Italy, comparing their
performances with natural gas-fired system. Similarly, Ref. [36] con-
ducts a related study for urban Mediterranean areas. However, these
studies do not offer a comprehensive comparison of technologies that
address the simultaneous decarbonization of all residential energy de-
mands — SH, DHW, space cooling (SC), and electricity — within a single,
integrated analysis.

Moreover, most studies have primarily concentrated on the energetic
performance of these systems, paying limited attention to their eco-
nomic and environmental dimensions. For example, Ref. [37] provides
an energetic analysis of a small absorption chiller but does not explore
its economic feasibility or environmental benefits. Ref. [38] compares
three solar-assisted heat pump systems using PV panels, flat-plate solar
collectors, or a combination of both, concluding that PV-HP combina-
tion offers the best energy and economic performance for the specified
application. Yet this study lacks an examination of the environmental
implications of these systems. Furthermore, some studies focus only one
location (or climate). For example, Ref. [36] limits its analysis to warm
climates without considering colder regions, while [35,38] focus on only
one location. While these studies provide valuable insights into tech-
nology performance, a significant gap remains: they do not evaluate all
relevant technologies across diverse climates, highlighting how system
performance can vary within a single study.

This paper aims to fill this knowledge gap with a unified framework
that integrates energy, economic, and environmental assessments to
holistically compare different system configurations across diverse cli-
matic conditions. The study evaluates a wide range of technologies,
including PV, PVT, ST, air-to-air HP, hydrogen and natural gas boilers,
DAR, and air-to-air AC. By proposing and analyzing different combina-
tions of these technologies, the study ensures a systematic exploration of
available options for SFHs. Our analysis compares technologies based on
efficiency, cost, and environmental impact, offering a more compre-
hensive understanding of system performance and providing a clearer
picture of the trade-offs involved. By examining system performance
across three European cities (Athens, Strasbourg, and Helsinki), we offer
actionable insights applicable to diverse geographic regions, addressing
regional variability in both climate and economic factors.

The structure of this study is organized as follows: Section 2 outlines
the heating, cooling, and electricity generation and utilization technol-
ogies studied, along with potential integrated system configurations. It
also details the mathematical models, key assumptions, and decision
criteria, as well as covering the data collection process. Section 3 in-
volves the study results, analyzing and comparing the systems’ energy,
environmental, and techno-economic performance. Finally, Section 4
concludes the study and discusses future research directions.

2. Methodology

This section first provides a detailed description of the system con-
figurations, outlining the main models developed and key associated
equations and assumptions. It then presents the economic models
applied to evaluate system performance, along with the economic and
environmental parameters used for each configuration. Finally, it details
the datasets used in the study.

This study investigates and compares nine different energy system
configurations using transient models developed to simulate their per-
formance. Real weather data from selected three cities, with hourly
energy demand profiles for SH, DHW, SC, and electricity, as well as
economic parameters were incorporated to ensure realistic simulations.
The models are designed to meet these key building energy demands,
while accounting for interactions between energy generation (e.g.,
electricity and thermal energy in the case of PVT collectors, electricity
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for PV, or SC for DAR), thermal storage, and consumption. Each model
integrates validated engineering equations and manufacturer data for all
components (e.g., PVT, HP, storage tanks, etc.). MATLAB [39] and
REFPROP [40] are used for simulations and thermodynamic
calculations.

2.1. Energy system configurations
The system configurations investigated in this study are as follows:

System 1: PVT + HP + AC

System 2. PV + HP + AC

System 3. HP + AC

System 4. Natural gas boiler + AC

System 5. PV + natural gas boiler + AC
System 6. ST + natural gas boiler + AC
System 7. PVT + natural gas boiler + AC
System 8. Hydrogen boiler + AC

System 9. PVT + DAR + natural gas boiler

This section begins by introducing the model for the PVT + HP + AC
system, as it encompasses most equations relevant to all nine systems.
The equations are referenced for other system combinations when they
also apply. For systems with different configurations or features, their
specific equations are introduced separately.

2.1.1. Systems utilizing a heat pump

The proposed PVT + HP + AC system (System 1), PV + HP + AC
system (System 2) and HP + AC system (System 3) are schematically
shown in Fig. 1, and described in detail in this section.

2.1.1.1. System 1: PVT + HP + AC. The proposed PVT + HP + AC
system consists of PVT collectors, a hot water storage tank, a HP, an
auxiliary electric heater, two circulation pumps (account for the pres-
sure drops within the loops), and thermally insulated connection pipes,
and air-to-air AC for SC. The PVT collectors generate both electricity and
heat from incident solar radiation. The electricity generated is used
directly to power household appliances, lighting, the circulation pumps,
and the heat pump. Excess electricity is fed into the grid using net
metering, which provides compensation through feed-in tariffs. The
thermal energy collected by the PVT system is transferred to the hot
water storage tank via a heat transfer fluid (HTF). When the HTF reaches
a sufficiently high temperature, it flows through the tank’s heat
exchanger coil, transferring heat to the water in the tank, then it cir-
culates back to the PVT module for reheating. The model implements an
iterative solution procedure to resolve the coupled thermal-electrical
interactions, ensuring convergence of the calculations. Finally, SC is
provided independently by the air-to-air AC unit.

The system uses an indirect parallel configuration, where heat input
to the hot water tank is supplied from both the PVT collectors and the
heat pump, via separate heat exchangers (HEXs). The hot water tank
supplies both DHW and SH demands, which are directly delivered via a
circulation system. An auxiliary electric heater is available to boost the
tank’s output temperature as needed, primarily in winter months.

The PVT collector is modeled as a lumped component, using thermal
and electrical efficiency curves, in accordance with the recommenda-
tions of EN ISO 9806:2017 [41], a commonly adopted practice in the
literature. The instantaneous thermal efficiency of the PVT collector is
calculated as follows:

_TMgecre (Tfo - Tﬁ)

Ny = Gied =ig—a; o T, —ay eGeT> (@)

Th=—7r>— (2)

In Eq. (1), my, ¢t, Gi, and A represent the mass flow rate of the HTF,
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Fig. 1. Schematic diagram of PVT + HP + AC system (System 1). The PVT system produces both thermal energy and electricity generation (System 1). In the PV +
HP + AC system configuration (System 2), the PVT system is replaced by the PV system (System 2). The HP-only system (System 3) relies solely on grid electricity.

the specific heat capacity of the HTF, the total solar irradiance, and the
collector area, respectively. T, and Ty are the HTF temperatures at the
outlet and inlet of the collector. The coefficients 5,, a; and a, repre-
senting zero-loss efficiency, first-order heat loss coefficient, and second-
order heat loss coefficient, respectively. Collector-specific coefficients
are provided by the manufacturer and listed in Table 2. They are
influenced by factors such as coating quality and absorber design, etc.
The reduced temperature(T;) is calculated as Eq. (2) where T¢, (calcu-
lated as (Tfo — Tﬁ) /2) and T, represent, the mean fluid temperature and
the ambient temperature, respectively. For a comparison of the model
predictions with experimental data based on this formulation, see the
validation plot in in Appendix A.5.

The instantaneous electrical efficiency of PVT collectors is calculated
using a well-established equation that is commonly used in the literature
[42-44]:

i
Ta=Ga g ="t ® (L5 ® (Tooa = Tet) ] @

where E represents the generated electricity, 5, is reference cell elec-
trical efficiency at the reference temperature Tyef at 25 °C, and a solar
irradiance of 1000 Wm™2. f is power temperature coefficient, which
quantifies the change in efficiency per degree Celsius change in tem-
perature, and T, is module temperature.

The water storage tank is modeled as a fully mixed tank, assuming
uniform temperature distribution within the tank, with the water tem-
perature changing only with time. The total water mass remains con-
stant with steady inflow and outflow, and the water is constant within
the operational temperature range [45]. The energy balance equation
for the water storage tank is:

dTwe - .
rnwtcp,wd_zv = Qcoil - QSH,cov -

QDHW.cov - Qlosses (4)

The energy equation presented above accounts for Q,;, which rep-
resents the total heat input to the tank in this case it is combination the
heat delivered from the PVT collectors, and HP heat output, via their
separate immersed HEX. Quosses 1S the heat loss of the water tank to the
surroundings. Qsy covs QDHW,CO‘, SH and DHW demands are covered by the
water storage tank, respectively. my, ¢, ., are the mass and specific heat
capacity of water in the tank, respectively, Finally, T, is the water
temperature in the tank.

The heat delivered to the water tank via the immersed coil heat

exchanger, Q. is calculated using the effectiveness-NTU method:

Quoil = énx o Mg 9 Cp @ (Tro — Tp) 5)

Here, &4 is the heat transfer effectiveness of the HEX coil in the tank.
The specific relationship between ¢, and NTU is [46]:

ey = 1 — NV (6)

A
NTU = mepRcoil (7)

The thermal resistance of the coil R, is calculated by the combined
effects of forced convection within the coil, free convection in the tank,
and the thermal resistance of the pipe walls. For more information about
the resistance of the coil, the reader is directed to Appendix A.1.

Heat losses are considered only for the water storage tank. Losses
from other components are assumed negligible due to their shorter
retention times and smaller heat transfer fluid volumes compared to the
tank. The tank heat losses are calculated using the following equation:

Qlosses = Awt Unt ( T, — TWT) (8)

Ay, is the tank’s external surface area, U, the overall heat transfer
coefficient. It is assumed that a wool insulation layer provides the pri-
mary thermal resistance to heat transfer through the tank. The convec-
tive thermal resistance, both inside and outside the tank, is considered
negligible in comparison. The overall heat transfer coefficient is deter-
mined by:

1

Uyt = =——
' RinsAwt

©)]

The thermal resistance of the insulation for the cylindrical tank is
calculated as shown in the following equation:

o)

ins — 2f[kHi

R 10

where r. and r; are external and internal radius of the water tank, H; is
internal height of the tank and k is thermal conductivity, which is set to
0.038 Wm ! K [69].

When solar irradiance is insufficiently low to raise the circulating
HTF temperature above the storage tank temperature, the circulation
loop is closed to prevent heat loss, and no water circulation occurs.
However, it is still necessary to accurately determine panel temperature
for calculating electrical efficiency. To achieve this, a new energy bal-
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ance is established, accounting for the solar thermal energy absorbed by
the panels, convective heat transfer with the surrounding air, and
thermal radiation losses. This energy balance is represented by the
following equation [47]:

dTmo
rncolcp.colTd :Acol [aGi (1 - ']el,ref) - hconv (Tmod - Ta) —O0¢ (T4mod - T45ky) ]
(1)

where mcq ¢y ol Acol are mass, specific heat capacity, and area of PVT
module. The parameters ¢, a represent the absorptivity and the emis-
sivity of the PVT module, respectively. h.on, is the convective heat
transfer coefficient between the PVT module and the surrounding air. ¢
is Stefan-Boltzmann constant, and Ty, representative temperature of the
sky (calculated as 0.552T,%1%).

The convective heat transfer is determined by the following equa-
tion:

}'air
LPV

hconv = Nu 12)

where Nu, 4,ir, Lpy are Nusselt number, thermal conductivity of air, and
length of the PVT collector, respectively.
The Nusselt number is determined by the following equation:

if Re < 2010°

0.664Re%>pr2-3333
Nu = 13)
if Re > 20 10°

0.036Re%8Pr%* — 9400

where Re, and Pr are Reynolds number and Prandtl number, respec-
tively.

When it comes to HP, its performance is modeled using temperature-
dependent COP values, which vary with seasonal outdoor and indoor
temperature conditions. The model assumes that thermal demand is
always satisfied. Its operation is controlled by two main conditions:
maintaining the tank temperature above 50 °C and utilizing any excess
electricity after meeting the demand for appliances and lighting. The
first condition takes priority, so the heat pump operates in two modes:
an on-off mode to maintain the tank temperature and a variable heat
output mode when excess electricity is available. The following equation
summarizes the instantaneous heat output of the HP:

Qmax lf th < Tmin
QHP = f(Pexc.app) lfpexc.app > Pexc,lim&&Tmax > TWT > Tmin (14)
0 l:fpexc.app < Pexc,lim&&TWT 2 Tmin

Qup, and Q. are the heat output and design (maximum) heat output
from the HP, respectively. Tpyin (55 °C) and Tyax (65 °C) represent
minimum and maximum temperature setpoints for HP, respectively. The
HP operates at full power when the tank temperature is above Ty, and
is deactivated above Tpax, even if excess electricity is available. Peyc app is
the excess electrical power remaining from PVT generation after ful-
filling the demands of lighting and other appliances. Finally, Pecjim iS
the activation limit for the HP: it is activated if excess power exceeds this
threshold. It is set to half the electricity required for the heat pump’s
minimum part-load operation (the minimum part load is assumed to be
half of the design heat output). This strategy is done to optimize solar-
sourced electricity. Initially, up to 50 % of electricity is sourced from
the grid, as this trade-off is beneficial. Since the HP has a COP greater
than 1, utilizing solar energy increases its value. This approach effec-
tively pre-charges the thermal storage tank using a combination of grid
electricity and PVT generated electricity, thereby reducing the need for
immediate full-grid power later. Activating the HP during high excess
PV power saves costs and lowers emissions.

The variable heat output function (denoted as ‘f ‘) varies based on the
amount of excess electricity, and its mathematical expression for this
function is:
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Qn . Q
. . Quax Qo
f(Pexc,app) = Pexc‘app *COP lfPexc.app € Pexc,app < 2*22)P" CHSP
h . Qm X
Qmax 1f P exc,app > C OaP
(15)

If Peye app is lower than the electricity required for the minimum part
load, the HP operates at part load, where the excess electricity supplied
by the PVT collector is utilized, and the remaining electricity demand is
met by the grid. Conversely, if the excess electricity exceeds the elec-
tricity required for the heat pump’s full-load operation, the heat pump
operates at full load. For intermediate cases, the heat pump’s operation
is determined by Peyc app *COP.

A validated spatially lumped model [48-50] of a single-stage
compressor HP was used to simulate its operation, with fluid proper-
ties determined via REFPROP [40] in MATLAB [39]. The model assumes
steady-state operation, isenthalpic expansion in the valve, and negli-
gible pressure and heat losses. A rotary vane compressor with R32 as the
refrigerant is used in the model, since there is a movement towards
lower global warming potential (GWP) refrigerants. R32 has a GWP (on
a 100-year timeframe) of 675 kg-COeq per kg refrigerant, whereas
widely used R410A has 2088 kg-COx,eq per kg refrigerant [51]. Perfor-
mance maps predicting isentropic efficiency based on volume ratio and
inlet volumetric flow rate were integrated into the thermodynamic
model. The design model was used to obtain optimal heat pump designs
for each of the three different locations based on design temperatures
aligned with each location’s weather characteristics. Compressor effi-
ciency was calculated using fluid properties and ten-coefficient poly-
nomials, assuming 95 % motor efficiency. Off-design performance was
adapted to time-varying heat-source conditions, resulting in COP/tem-
perature correlations that serve as inputs for the transient model, and
the correlations for each HP can be seen in Fig. 2.

The electricity consumption of the heat pump is calculated using its
COP. Furthermore, the electricity consumption of the auxiliary heater,

45/ —HP COP-GR
HP COP - FR
|—HP cop - Fi

Coefficient of Performance (-)

-15 -10 -5 0 5 10 15 20
Outdoor Temperature (°C)

Fig. 2. COP of HP as a function of outdoor air temperature for HPs selected for
each city. Minor deviations are observed due to differences in design temper-
atures specific to each location.
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which is considered as part of the HP, is also included in the calculation,
see the next equation:

QHP

PHP-@"‘Paux (16)

The auxiliary electrical heater, which is a small extension of the HP
system, activates only to boost the tank temperature when the HP is
insufficient, which is set to when Twr < 50 °C. It operates rarely and its
thermal output is regulated by an on-off control and included in HP’s
overall costs. The COP of the auxiliary heater is assumed to be 1,
meaning its electricity consumption equals its heat generation.

Space heating demand is determined by the following equation:

Qdem_SH = mdem.SHCp.w (Tfeed.SH - Tin.SH) (17)

The system is designed to continuously meet all heating demands,
yet the risk of insufficient tank temperature requires careful analysis, as
shown in the following equation:

Qdem.SH lf TWT > Tfeed.SH
QSH.cov = mdem.SHCp‘w(TWT - Tin,SH) lf TWT > Tin,SH # (18)
0 if Twr < Tinsu

Full coverage is achieved when the tank water is hotter than space
heating feed (set to 50 °C); partial coverage (supplemented by the
auxiliary heater) occurs when the tank temperature falls between the
required and temperature of water to be heated (set to 30 °C), and the
auxiliary heater provides all energy when the tank is at or below the
mains temperature.

The DHW demand is determined by the following equation:

Qdem.DHW = Mdem DHWCp.w (Tfeed,DHw - Tin,DHw) 19
Quem prw if Twr > Treed DHW

Quweon = TgempuwCpw (Twr — Tinprw) I Twr > Tinpaw (20)
0 if Twr < Tinpaw

where Ti,puw is the mains water temperature (set to 10 °C), and tem-
perature for the hot water feed set to 45 °C [52].
To evaluate the performance of AC systems, data from two leading

e Manufacturer Data

Fitted Curve

10 20 30 40 50
Outdoor Temperature (°C)

Fig. 3. EER as a function of outdoor air temperature.
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brands, comprising 18 different AC units, were analyzed. This data was
obtained from the manufacturers’ datasheets. For these evaluations, the
indoor air temperature was maintained at 19 °C (wet bulb), meeting
standard operating conditions. The outdoor temperature and Energy
Efficiency Ratio (EER) relation were examined, as shown in Fig. 3,
resulting in the development of a fitting curve that describes this
relationship.

The relationship between EER and outdoor temperature is described
by:

EER = 7.7253¢("0.025°Ta) @21n

Finally, the electric power required to run the AC system is given by:

Qdem,SC (2 2)

Ppc =

2.1.1.2. System 2: PV + HP + AC. The configuration of the PV — HP
system is shown in Fig. 1, but in this configuration, there is no thermal
energy generation. The electricity generated by the PV panel is directly
used to cover the electricity demand of other appliances and/or HP, and
any excess electricity is fed into the grid via net-metering. The electricity
demand not covered by the PV system is supplied by the electricity grid.

Panel temperatures are determined by Eq. (11), following the same
approach applied during periods when the circulation loop in the PVT-
HP model is closed. The PV panels are modeled based on their electrical
efficiency curve, as described by Eq. (3).

2.1.1.3. System 3: HP + AC. In this configuration, HP covers all SH and
DHW, and SC is provided by AC unit. Furthermore, all electricity de-
mand (HP, appliances, and lightning) relies solely on grid electricity,
since there are no solar energy sources such as PV or PVT systems. HP is
controlled with simple on-off mode depending on the temperature of
water in storage tank as follow:

QHP _ Qmax7 lEfth < Tmin ( 2 3)
07 lf th > Tmin

where the electricity consumption of the standalone HP is governed with
Eq. (16).

2.1.2. Systems utilizing a boiler

The proposed natural gas boiler + AC system (System 4), PV +
natural gas boiler + AC system (System 5), ST + natural gas boiler + AC
system (System 6) and PVT + natural gas boiler + AC system (System 7)
are schematically shown in Fig. 4 and described in detail in this section.

2.1.2.1. System 4: Natural gas boiler + AC. This configuration uses a
natural gas boiler to cover all SH and DHW demands and uses AC for SC
demand. All electricity demand is covered by the public electricity grid,
as illustrated in Fig. 4. The yearly natural gas consumption can be easily
calculated as follows:

Quem
Eyg=——
Mboiler

(24)

where E, is the energy content of the consumed natural gas in kWh Qgem
is total heating demand, and 7., is the efficiency of the natural gas
boiler, which is set to 82 % [35].

2.1.2.2. System 5: PV + natural gas boiler + AC. This configuration
utilizes PV collectors to generate electricity, and there is no thermal
energy generation. The electricity generated by the PV panels is directly
utilized to meet the electricity demand of appliances, and any surplus
electricity is fed into the grid through net-metering. When the PV sys-
tem’s output is insufficient to meet the electricity demand, the public
electricity grid supplies the deficit. Thermal energy demands are
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Fig. 4. Schematic diagram of System 4, which represents the natural gas boiler + AC system, System 5, which incorporates a PV system for electricity generation
alongside a natural gas boiler and AC, System 6, which uses a ST system for thermal energy generation with a natural gas boiler and AC, and System 7, which
combines a PVT system — providing both thermal energy and electricity — with a natural gas boiler and AC.

covered by natural gas boiler, and SC is provided by AC unit.

The electrical performance of the PV modules is modeled using their
electrical efficiency curves, as described by Eq. (3), and the module
temperatures are determined using Eq. (11), following the same
approach as in the PVT-HP model when the circulation loop is closed.
The annual energy consumption of the AC unit and natural gas con-
sumption of the boiler are calculated using, respectively.

2.1.2.3. System 6: ST + natural gas boiler + AC. This configuration
employs ST collectors to generate thermal energy, which is transferred
to a hot water storage tank via a HEX, as described by Egs. (5)-(7). The
thermal energy produced by the ST system is used to meet heating de-
mands, either partially or fully. When the ST system’s output is insuf-
ficient to meet the thermal load, a natural gas boiler provides the
necessary heating. An iterative solution procedure is employed to
simultaneously solve the coupled energy balance equations, Eq. (4) for
storage tank, Egs. (1)-(2) the collector fluid, Eq. (17)-(20) for SH and
DHW demands. Space cooling is provided by an AC unit. This configu-
ration does not involve electricity generation, therefore, electricity de-
mand is fully supplied by the public electricity grid. The annual energy
consumption of the AC unit and natural gas consumption of the boiler
are calculated using Egs. (22) and (24), respectively.

2.1.2.4. System 7: PVT + natural gas boiler + AC. This configuration
uses PVT collectors to generate both electricity and thermal energy, as
illustrated in Fig. 4. The generated electricity is used to meet the elec-
tricity demand, with any excess electricity fed into the grid via net-
metering. Generated thermal energy is transferred to a hot water stor-
age tank via an HEX, as described by Egs. (5)-(7). When the PVT sys-
tem’s thermal output is insufficient, the natural gas boiler supplies the
necessary thermal energy.

The electrical and thermal performance of the PVT collectors is
modeled using their respective efficiency curves, with Eq. (1)-(2). The
water storage tank is modeled based on Eq. (4). The annual energy

consumption of the AC unit and natural gas consumption of the boiler
are calculated using Egs. (22) and (24), respectively.

2.1.2.5. System 8: Hydrogen boiler + AC. This configuration follows the
same setup as the stand-alone natural gas boiler (System 4) shown in
Fig. 4 and uses a hydrogen boiler to meet all SH and DHW demands,
while an AC is used for SC demand. All electricity requirements are
supplied by the public electricity grid. The yearly hydrogen consump-
tion is calculated based on the following methodology.

The combustion reaction in the boiler is:

(p—1)
2

3.76¢
2

Ha +% (03 + 3.76N2)~Hz0 + 0, + 222N, (25)

Here, ¢ represents the excess air ratio, set at 1.13, [53]. 3.76 is the
nitrogen-to-oxygen ratio in the air. As a result, the total molar flow rate
of the flue gases rig is

. . -1 3.76
Ty = gy, (1 +4 = 5 T ¢)

In the catalytic boiler, hydrogen reacts at approximately 300 °C. The
weighted molar heat capacity of flue gases (c,, ) is calculated using

mole fractions of each product and their individual heat capacities.

(26)

Energy losses include sensible heat (Qfg_sen) and latent heat (Q'fgllat) from
water vapor:

Qfg,sen = r.lfg% ( ng - TO)

Qfg,lat = Ty Xu,0 Mu,0 Lu,o0 @7
where Ty, To are flue gas temperature and ambient temperature,
respectively. xp,o is the mole fraction of water in the flue gas stream,
Mpy,0 is the molar mass of water, and Ly, o is the latent heat of vapor-
ization. Summing up these two effects give:
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Fig. 5. Schematic diagram of the integrated PVT-DAR System.

Qfg = Qfg.sen + Qfg,lat (28)
The fuel energy (Que) required to run the boiler is:

quel = Qout + Qfg + Qloss (29)

where Qo is the heat supplied by the boiler, and Qo5 (1 % Qo +Qfg) is
the heat loss from the boiler structure. Condensing boilers reduce losses
by condensing water vapor. The required hydrogen mass flow rate
(mgue) into the boiler is calculated as:

. _ quel (30)
Miyel = HVfuel

where HVy, by the lower heating value of hydrogen.

2.1.2.6. System 9: PVT + DAR + natural gas boiler. The proposed PVT-
DAR system, shown in Fig. 5, consists of PVT collectors, a hot water
storage tank, an auxiliary heater, circulation pumps (accounts for the
pressure drops within the loops, more information see Appendix 2.),
insulated connection pipes, and DAR system for SC. The excess heat
generated by PVT can then be directed to the DAR system, enabling
cooling provision for the building.

The integration of the three subsystems aims to generate electricity
to meet partial or total demand, with excess electricity exported to the
grid. The extracted thermal energy from PVT collectors is stored in a
water tank, which is used to meet SH, DHW, and DAR system heat de-
mands, either fully or partially. Additional heat for SH, HW, and DAR is
supplied by an auxiliary water heater when necessary.

For residential and light commercial refrigeration applications,
particularly in smaller capacity units, the NH3-HO mixture is widely
applied and commercially the most common working fluid pair [54].
This is primarily due to ammonia’s low freezing point, the mixture’s
moderate working pressures, and crucially, its wide operating range
without the crystallization risks associated with pairs like HpO-LiBr
[55]. Also, NH3 has no cumulative effects on the environment with GWP
of 0 [56]. A key feature of the analyzed DAR cycle [30] is the use of
hydrogen as a non-condensable auxiliary gas (along with a refrigerant
and absorbent) to ensure a single pressure, thus replacing the liquid
compressor with thermally-driven bubble pump. For detailed process

please see Appendix A.6. The hydrogen gas is assumed as a non-
condensable ideal gas, particularly in the evaporator section, where its
presence facilitates the evaporation of the refrigerant at a lower partial
pressure. Also, the total system pressure remains nearly constant, with
only minor hydrostatic variations.”

The electricity and thermal energy generation of the PVT collectors
aligns with the Egs. (1)-(3). Egs. (5)-(8), previously explained, are also
utilized here for the same purposes. The energy balance for the water
storage tank is expressed by Eq. 4, which includes the term Qg to ac-
count for the heat supplied to the DAR system, as can be seen in the
following equation:

dTy, . . . . .
rnwtcp.wTt = Qcoil - QSH,cov - QDHW,cov - Qlosses - QSC.gen (31)

A validated DAR model is adopted from [57], and is used to deter-
mine the required generator thermal power and temperature based on
the ambient temperature and cooling demand, as described by Egs. (32)
and (33). The validated model is derived from [57]. The supplied heat
must raise the generator’s wall temperature to a minimum level in order
to initiate the evaporation process for the working fluid. This minimum
wall temperature, Tge,, is calculated using the following formula [57]:

. &
Tgen = e(Tamb)f (Qgen,exp) + h (32)

where Qgen,exp corresponds to the experimental input heat data, while e,f,
gand h are empirical constants that characterize the specific thermal
and operational characteristics of the system, T, and is the ambient
temperature in Kelvin.

The heat input required continuous operation of the generator is
calculated using the following equation [57]:

c

A(Tamy)? | 2292 | 4+ d | (Tac + 273.165)(Tamy — 5)

Npar

(33)
Qgen = Npar

278.16(Tomb + Tac)

where Qgen is the required minimum heat input for all the generators for
the cooling system. Q. gem COrresponds to space cooling demand, while
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Tac (18 °C) is the desired cooling temperature to be achieved. a,b,c,d are
empirical constants. Finally, Npar is total number of DAR units required
to meet the cooling demand. It is important to note that, depending on
the space cooling requirements, several DAR units might be required,
affecting the total generator required heat input and mass flow (1M cov)
going from the water tank to the cooling system.

A HEX is used in the generator for the heat transfer between the hot
water supplied from the water tank and the working fluid inside the DAR
unit. A review of DAR systems reveals that generator’s heat exchanger
design varies widely [31]. While numerous studies have investigated the
performance and thermodynamic parameters of DAR systems, there is
limited experimental data on heat transfer properties for modeling
generators with heated water. To address this, data from conventional
absorption chillers is used as a reference to estimate practical heat
transfer values for the generator, even though they are not identical to
DAR units. Parameters from [37] were used as references for the nu-
merical calculations.

The heat delivered to the DAR unit is calculated using the
effectiveness-NTU method, as described in Egs. (6)—(7). Since the design
temperatures are unknown, the individual exchanger minimum
approach temperature (EMAT) method is used for estimation. This
method assumes a 5 °C minimum temperature difference between the
hot outlet stream of HEX and the generator temperature (Tgen). This
assumption ensures sufficient heat transfer and is based on recommen-
dations for refrigerants [58]. While this approach may introduce errors
in practical applications, as noted in [59], it is considered sufficient for
an initial estimate.

The effectiveness value is then estimated using experimental data
from [37] for an absorption chiller with a 4.5 kW cooling capacity. The
parameters used include; UA of 1423 W °K~! a mass flow rate
(msc,mv) of 0.25 kg s’l, and heated liquid water at 90 °C as the heating

fluid. Although the study used LiBr/H3O as the working pair, the esti-
mated effectiveness serves as a reference for evaluating the thermody-
namic performance of the PVT-DAR system. The main goal of
incorporating experimental heat transfer properties is to improve the
accuracy of system requirements and develop a more realistic model.

Once the inlet and outlet temperatures are determined, the mass flow
needed for the DAR generators can be calculated using the following
equation:

Qgen

g (34)
Cp.w(Tin.hot - Tout.hot)

msc.cov =
The additional heat required for the DAR unit, supplied by the
auxiliary heater, is calculated as follows:

Qgen = msc.covcp.w (Tin.hot - th) (35)
where mass flow refers to the amount required for all the generators in
the DAR system.

2.2. Economic and environmental variables

The annual operating cost savings (C;) are defined as the difference
compared to the current annual costs to meet all energy demands using
System 4 (natural gas boiler + AC). Below, Eq. 36, we provide a general
equation for C;, while the system-specific equations can be found in
Appendix A.3.

(QHW.cov + QSH‘cov)Cng

- Eextra)ce + Eexcse +
Mboiler

Cs = Cosmpoiler — Cosm + (Ecov

(36)
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where Cogm boiler, Cogm are operation and maintenance costs for System
4 and considered system combination, respectively. E..y is the electricity
demand covered for all systems (solar-sourced electricity from PV or
PVT collectors, if applicable), while Ecxra is additional electricity de-
mand (e.g., from HP) that is not covered by solar-sourced electricity,
even if present. Eey. is the electricity sold to the grid, and c, se, cng are
cost, and selling price of electricity, and cost of natural gas, respectively.
QpHw covs QsHcov represent DHW, and SH demand covered by system
(which can be fully covered by system such as PVT-HP or PV- HP, while
in others, such as PVT-NGB, only a portion may be covered). It is
important to remember that; PV systems generate only electricity, ST
systems generate only thermal energy, PVT systems generate both
electricity and thermal energy. Thus, the respective variables in the
equation (e.g. E.ov) are adjusted accordingly based on the system type
[27,35].

The net present value (NPV), a method for evaluating the value of an
investment, is defined as the sum of all the cash flow over the in-
vestment’s lifetime, discounted to the present value. It was calculated
using the following equation [35]:

@l ()]
(d—1i) 1+d
where I, is an initial investment, including all system components, and
i, d are the inflation rate and discount rate, respectively.

The Internal Rate of Return (IRR) is the discount rate at which the
NPV of the investment equals zero, providing insight into the project’s
profitability threshold, and allows for comparison with alternative in-
vestment opportunities or required rates of return.

The payback time (PBT) determines the time required to recover the

initial investment costs and is calculated using the following equation
[35]:

In (M + 1 >
per=— &/
In (1 + lf)
1+d
The levelized cost of energy in electricity equivalents (LCOEeg 1)
evaluates the total costs associated with both the actual electricity

output and the equivalent electricity derived from the thermal energy
output. It was calculated using the following equation [27]:

NPV = —I, + 37)

(38)

I+ Coroa(1 ) (1 +d)"
i=1

LCOEequ = 39)

El

(Qa + Quiltgy)(1 +d) ™

I
—

Here, Cyroq is the yearly cost is related to energy production, and Q.,
Qu are the net annual production of electricity and heat, respectively.
The thermal output is assumed equivalent to the electricity that could
have been produced from that heat in a natural gas power plant, with 7,,
the typical efficiency of a modern natural gas power plant, from thermal
to electrical.

LCOEg ¢ is used in this study to compare the profitability of different
systems, as it accounts for both thermal and electrical generation. For
example, SAHP or PV-HP systems produce both thermal and electrical
energy, while the standalone HP or boiler system only provides thermal
energy. To ensure a fair comparison, all energy consumed by the
household, including electricity for appliances, is considered for all
systems.

The annual CO; emission reduction (ER) of the proposed systems is
calculated based on the difference in emissions between the proposed
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system and the reference system (System 4: Natural gas boiler + AC) as
follows [35]:

o o . K '8 + \'A
ER = (Eeor (1) + Eoxe(i)) & () + (200w + Qoticor) = Qrteon)
boiler

(40)

Ecov (i), Eexc (i) are the electricity covered by PV/PVT collectors, and
excess electricity exported to the grid, respectively, at time step i. Cin(i)
is the carbon intensity of the grid electricity at time step i, and f,; is the
CO4 emission factor of natural gas. Thus, the emission reduction con-
siders only the operational CO5 emissions of the proposed system
combinations.

The environmental penalty cost savings (EPCS) [35,60] represents
the financial savings of reduced CO, emissions in the proposed systems
and is calculated as follows:

ER6tCco2

1 1+ if

(d—1i) 1+d
where Cco- is the current unit cost of CO5 emissions, based EU Emission
Trading System (ETS) [61]. For the residential sector, where future

carbon pricing is expected [62]. These values indicate the long-term
potential of low carbon systems.

EPCS =

(41)

2.3. Data collection

Here, you can find an overview of the data sources used in this study.
First, we present the selected case study locations and their climate
classifications. Next, we describe the required weather data, thermal and
electricity demand profiles, and the carbon intensity of grid electricity.
Finally, we detail the economic and environmental variables essential
for evaluating system performance.

2.3.1. Location selection

Helsinki, Strasbourg, and Athens, which have been chosen to
represent cold, mild, and warm climates, respectively, in accordance
with the BS EN 14825 standard [63]. These cities were chosen to cover
the range of climate zones across Europe, enabling a comprehensive
analysis of heating and cooling technologies under different climate
conditions (See Fig. 6).

Z—>

Helsinki

Strasbourg

- Athens

[wwa—
500 km e

Fig. 6. Europe map with the 3 selected cities.
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2.3.2. Input data for weather, energy demand, and emissions

The model requires hourly data on temperature, irradiation, and
wind speed, sourced from PVGIS-SARAH3 [64] for selected cities for the
year 2022. The tool provided a 2-m air temperature, global irradiance,
and 10-m wind speed, and the most significant are presented in Fig. 7.

The normalized demand profiles of SFH for SH and DHW were
sourced from the When2Heat Heating Profiles database [65], which
provides country-level (NUTSO) hourly residential demand profiles,
while data for SC was obtained from Hotmaps project [66], offering
regional-level (NUTS2) data. These profiles provide hourly data,
expressed in normalized values, where the sum of all hourly values for
the given demand over the year equals one. Total annual demands for
SH, DHW, and SC were derived from Hotmaps project, and hourly
thermal demand, in Watts, was calculated by multiplying normalized
profiles by total annual energy demand.

Normalized SH and DHW profiles were taken directly from When2-
Heat 2022, while SC profiles were adapted using ambient temperature
correlations, as stated in the Hotmaps main document [66]. SC demand,
influenced by the hour of the day and outside temperature, was used to
create yearlong demand profiles for NUTS2 regions, including Uusimaa
(Helsinki), Grand Est (Strasbourg), and Central Greece (substituting for
Athens region due to data unavailability, assuming no effect on the re-
sults as the demand is normalized). Fig. 8 presents the hourly thermal
energy demand, showing the variation in heating and cooling needs
throughout the year for Helsinki, Strasbourg, and Athens.

To analyze the electricity demand for SFHs (excluding electricity use
for heating and cooling), the total annual electricity demand and the
normalized electricity load profile were used. Annual consumption data
were obtained from the Odyssee-Mure database [67] assuming SFHs
consume the same as average dwellings. The hourly normalized elec-
tricity load profile for selected countries in 2022 was obtained from the
ENTSO-E Transparency Platform. [68], with results shown in Fig. 9.

Fig. 10 shows a comparison of hourly carbon emissions (gCOz-eq/
kWh) for grid electricity, using data from Electricity Maps [69]. In this
study, we used 2023 hourly grid emission factors, specific to each
country, which are based on a Life Cycle Assessment (LCA) approach.
Electricity Maps’ methodology [70] accounts for the full life cycle of
electricity generation—including fuel extraction, plant construction and
dismantlement, direct operations, and end-of-life—using emission fac-
tors primarily sourced from the IPCC (2014) Fifth Assessment Report
[71] with flow-tracing algorithms to track the origin and production mix
of electricity in each zone [70].

The calculated thermal energy demands, presented in kWh/m? per
year, account for the dwelling area. To derive an overall value, an
average dwelling size of 93.1 m? (derived from SFH sizes data [66] for
Finland, France, and Greece) was used. Using the mean area rather than
country-specific house sizes ensures a fair comparison of the technol-
ogy’s performance, independent of variations in house size.

Every building has a defined total roof area, and only a portion of this
surface is technically and practically usable for solar collector installa-
tion due to several limiting factors. These include roof orientation and
slope, which influence solar exposure and electricity generation;
shading from near buildings, and trees; and permanent rooftop obstacles
such as chimneys [72]. To account for these limitations, studies
commonly apply a rooftop utilization factor. Estimating this ratio re-
quires detailed spatial modeling using high-resolution datasets and
advanced Geographic Information System (GIS) techniques [73]. These
factors vary widely based on building type, urban morphology, and
regional characteristics (between 40 % and 70 % depending on the
specific context and study methodology [72,74-771). In this study, a 40
% rooftop utilization factor was applied to account for typical con-
straints and provide a realistic estimate of available roof area for solar
installations.

To convert the rooftop area into usable space for PV/PVT/ST col-
lectors, an average rooftop utilization factor [75] (u,) was applied. The
total available area (A.yajable) for the collectors is calculated as:
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Fig. 7. Relevant weather properties for the three case study locations.
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Fig. 10. Hourly carbon intensity of grid electricity.

Table 1 Table 3
Building specifications of the analyzed SFH. Investment and maintenance costs for components in the analyzed systems.
Specification Value Unit System Component Value Unit Reference
Floor area 93.1 m? PVT System PVT collector 1.9 €/Wp [96]
Roof area 82.4 m? Expansion Vessel 140 €/set [45]
Rooftop utilization factor 0.400 Ratio Pipes 11 €m [45]
Available area for PV/PVT/ST 32.9 m? HTF 3.3 €/L [45]
Mounting 59 €/collector [45]
Installation 40 €/m? [35]
Coam 0.01 Cy €/year [97]
Table 2 Controller 110 € [45]
Main technical parameter of PVT, PV, and ST collectors. Inverter 0.2 €/Wp year [98]
R PV System PV system 0.85 €/ Wp [35]
Parameter Value Unit Cosm 0,015 €/Wp year [35]
PVT collector Ecomesh [93] ST System ST collector 502 €/collector [99]
Area per collector 1.55 m? Mounting 56 €/collector  [45]
Absorber-exchanger type  Flat-box - Installation 29 €/collector  [45]
Cell type Polycarbonate - Cosm 0.01 Co €/year [35]
Nominal power 260 W, HP System Co 4870-5340 € [50]
Electrical eff. (ref) 15.98 % Installation 2530 € [50]
Temp. coef. () 0.0047 Kt Cosam 115 €/year [50]
Thermal eff. (ref) 51 % Natural gas Boiler Co 1730 €
1st-order heat loss 4.93 Wm2 Installation 2630 €
coefficient K Coam 115 €/year [50]
2nd-order heat loss 0.04 W m 2 Water Storage Tank Tank 1500 [97]1
coefficient K! Air Conditioner Co 1200 €
PV module UL-355-120355Wp [94] Installation 500 €
Area per collector 2.01 m? Cosam 0.01 Gy €/year
Cell type Poly-crystalline silicon - DAR system Co 600 €/unit
Nominal power 355 W,
Reference electrical 17.7 Wm2
efficiency K!
Temperature coefficient —0.36 Wm 2 Table 4
K! Economic variables.
ST collector Bosch Sonnenkollektor SO4000 TFV- K -
FCC220-2 V [95] Parameter Finland France Greece Units
Area per collector 3.09 m? Electricity purchase price 0.17 0.22 0.28 €/kWh
Collector type Flat plate cov. - Electricity selling price 0.09 0.02 0.07 €/kWh
Intercept thermal 70.5 % Natural gas price 0.07 0.08 0.07 €/kWh
efficiency Hydrogen prices 6.40 6.80 7.00 €/kg
1st-order heat loss 3.78 Wm? Interannual inflation rate 0.005 0.027 0.03 rate
coefficient K! Discount rate 0.041 rate
2nd-order heat loss 0.011 Wm? Pound to euro conversion 1.17 rate
coefficient K! Emission factor of natural gas 0.200 kgCO,/kWh
Cost of unit CO, emission 0.08 €/kgCOy
Aavailable = 1—erAr (41)

The rooftop area is determined from the constructed floor area(Ay),
average number of floors (F), and average roof slope (v, set to 34°), as
follows:

1+b

A =A——
T~ MFcos(v)

(42)
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where b represents an additional factor to account for stairways, corri-
dors, and similar areas, set to 10 %.

House specifications are provided in Table 1. No additional house-
specific data is required by the model, as the demand profiles already
incorporate heat losses to the environment, eliminating the need to ac-
count for insulation properties.
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Fig. 11. Annual electricity demand and coverage (from PV or PVT) for different system configurations in the investigated cities. The figure presents the yearly
electricity demand (Egem), and solar-sourced electricity contributions covering the heat pump (Ecov,1p) and household appliances (Ecov, app)- The white portions of the
bars indicate the share of electricity supplied by the grid. The numerical data for these results is available in Appendix A.7.

2.3.3. Economic and environmental variables

The models require both economic and environmental data as input
variables. In Table 2, main technical parameters of PVT, PV, and ST
collectors are summarized. System-specific values, such as Cy and Cogw,
are presented in Table 3, assuming that hydrogen boilers cost no more
than natural gas boilers [78]. Additional costs such as pumps and pipes
are given in Appendix A.4. Natural gas, electricity prices (both buying
and selling), currency conversion rates, inflation and discount rates, and

emission factor for natural gas are common to all systems but vary by
country. These parameters are outlined in Table 4 [79-90]. Typically,
values are reported annually, and the most recent data available are
used in this study. It is important to note that hydrogen is not yet widely
established for residential heating, so we consider using directly con-
nected lowest-cost renewable energy share technology for a given
country [91] accounting for distribution and other costs, assume a price
increase of 25 % for each [92].
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Fig. 12. Annual heat demand and coverage (from PVT or ST) for different system configurations in selected cities. The figure presents the yearly heat demand (Qgem),
heat input to the tank via direct solar thermal energy (Q solar), and solar-sourced electricity used by the heat pump (Qcov,np). The numerical data for these results is

available in Appendix A.7.
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3. Results and discussion

In this section, we present a performance comparison of various
energy system configurations, focusing on electricity and heat coverage,
environmental impact, and economic outcomes. We also incorporate
sensitivity analyses of varying energy prices to determine the most cost-
effective system for each city.

3.1. Performance comparison of different energy systems

Fig. 11 shows the annual results for electricity demand and coverage
for analyzed cities. The variation in electricity demand is driven by
location-specific load profiles, which include only appliances and
lighting. In the MATLAB model, additional electricity demand is calcu-
lated and included for SC when the system combination includes an AC.
Similarly, electricity demand for SH and DHW is included if the system
configuration includes a HP, leading to higher overall electricity de-
mand for these systems. On the other hand, PV-NGB, PVT-NGB, and ST-
NGB systems exhibit lower electricity demands for each city, as SH and
DHW are provided by boiler or solar sources (PVT or ST depending on
the system configuration).

The PV-HP combination achieves electricity coverage rates of 48.0 %
in Athens, 35.0 % in Strasbourg, and 28.0 % in Helsinki. This result
indicates that with the integration of appropriate battery storage solu-
tions, electricity consumption could be managed more efficiently,
leading to cost reductions. The PVT-HP combination achieves the
highest electricity coverage among the analyzed systems: 53.1 % in
Athens, 39.5 % in Strasbourg, and 31.7 % in Helsinki. This is due to the
thermal energy produced by PVT modules, which reduces the HP load
and, consequently, electricity consumption. For the COP values of HPs
along the year, the reader is referred to Appendix A.7.

For the PV-NGB system (PV + natural gas boiler + AC), the yearly
electrical coverage is highest in Athens at 54.7 %, followed by Stras-
bourg at 50.8 % and Helsinki at 41.1 %, as expected. The PVT-NGB
system exhibits slightly lower but comparable electricity coverage
rates: 53.0 % in Athens, 49.3 % in Strasbourg, and 39.5 % in Helsinki.
These values align with expectations, as the additional thermal energy
production of PVT systems slightly reduces their electrical output
compared to PV systems.

Fig. 12 demonstrates the heat demand and its breakdown for the
same system combinations across analyzed locations. For the ST-NGB
system (ST + natural gas boiler + AC), Athens shows a heating
coverage of 51.8 %, with contributions of 91.7 % for DHW and 44.8 %
for SH. In Strasbourg, the heating coverage decreases slightly to 33.5 %,
with DHW and SH contributions of 82.1 % and 27.0 %, respectively. In
Helsinki, the corresponding values are 31.6 % for total heating coverage,
71.6 % for DHW, and 25.7 % for SH.

For the PVT-NGB system (PVT + natural gas boiler + AC), the
heating coverage in Athens is 38.8 %, with DHW and SH contributing
88.5 % and 30.2 %, respectively. Strasbourg and Helsinki exhibit similar
trends but with lower overall heating coverage: 24.0 % in Strasbourg
and 19.3 % in Helsinki. In Strasbourg, the DHW contribution decreases
to 76.9 %, while SH accounts for 17.0 %. In Helsinki, the respective
contributions are further reduced to 62.7 % for DHW and 13.2 % for SH.

3.2. Environmental analysis and comparison

Emission reductions (ER), calculated as the annual difference in
emissions between each proposed system and the reference system
(System 4: Natural Gas Boiler + AC), are significantly higher in Athens
than in Strasbourg or Helsinki when integrating PV and PVT systems.
This disparity arises due to the greater carbon intensity of grid electricity
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Fig. 13. ER and EPCS for various system combinations in selected cities. ER
(—13,200 €/year) and EPCS (— 24,100 €) values for Athens PVT-DAR are not
fully displayed to show other values clearly.

in Athens, which was consistently 2 to 5 times higher than in Strasbourg
or Helsinki, as illustrated in Fig. 10. This regional variation underscores
the importance of considering local grid carbon intensity when evalu-
ating the environmental impact of renewable energy systems.

Similarly, HPs show lower ER values in Athens for the same reason,
as their environmental benefits are directly influenced by the carbon
intensity of the grid electricity they consume. In contrast, the PV-HP
combination demonstrated the highest emission reduction in Athens,
achieving approximately 4700 kg CO2 q/year, followed closely by the
PVT-HP system, which achieved a slightly lower reduction of about
4400 kg CO2 ¢q/year. In contrast, both systems exhibited lower emission
reductions in Strasbourg and Helsinki, achieving approximately 4200 kg
CO2,¢q/year and 3900 kg CO oq/year, respectively.

Notably, the hydrogen boiler fueled by green hydrogen achieved the
highest emission reduction in Strasbourg and Helsinki, reaching
approximately 4270 kg COz q/year. This result highlights the potential
of green hydrogen as a zero-emission heating solution, particularly in
regions with high heating demands.

The emissions penalty cost savings (EPCS) quantifies the economic
advantages of low-carbon technologies under regulatory frameworks
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(upper segments) for various system combinations in selected cities.

such as emission trading systems. As shown in Fig. 13, systems with
higher emission reductions, such as the PV-HP and PVT-HP combina-
tions in Athens, achieve greater cost savings through reduced emissions
penalties. With many countries planning to increase energy costs tied to
carbon emissions, the adoption of low-carbon technologies is becoming
increasingly economically attractive.

Annual reduction in COy emissions was achievable for all systems
and all cities, except for the PVT-DAR system in Athens, which increased
emissions. This stems from Athens’ significantly high cooling demand,
where the DAR generator relies on a natural gas-powered heater to
generate space cooling. This outweighed the COy reductions from
reduced grid electricity consumption and partial SH and DHW coverage
by PVT system. This highlights the importance of considering location-
specific factors, such as climate and energy demand, when evaluating
system performance.

3.3. Economic analysis and comparison

Fig. 14 shows the LCOE¢q¢ with capital costs (lower segments) and
operational costs (upper segments) for various analyzed systems across
Athens, Strasbourg, and Helsinki. The results indicate that systems
incorporating solar technologies, such as PV and PVT systems, generally
exhibit lower LCOEqe compared to the same system combination
without solar technology. Their LCOE.q ¢ values are 0.1-0.2 euro/kWh
lower than those of systems without solar technology, since these sys-
tems effectively meet a substantial portion of heating/electricity de-
mand while minimizing operating costs. To give a more detailed picture,
stand-alone natural gas boiler systems show relatively low capital costs
but high operational costs (0.34 €/kWh in Athens, 0.473 €/kWh in
Helsinki) due to fuel expenses. In contrast, heat pump systems (HP, PV-
HP, PVT-HP) demonstrate higher capital costs but significantly lower
operational costs, particularly when combined with solar technologies
(See Fig. 15).

The PV-HP system consistently achieves the lowest values across all
cities, ranging from 0.145 €/kWh in Athens to 0.203 €/kWh in Stras-
bourg. This system’s competitiveness results from an optimal balance:
moderate capital costs (0.066-0.072 €/kWh) combined with very low
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Fig. 15. Initial investment costs and C, for various system combinations in
selected cities. Cs values for H. Boiler (—3480, —4470, — 2785 €/year for
Athens, Strasbourg, Helsinki, respectively) and PVT-DAR (—5940 €/year for
Athens). These values are not fully displayed to show other values clearly.

operational costs (0.078-0.135 €/kWh) due to solar electricity genera-
tion offsetting heat pump consumption.The PVT-HP system, while of-
fering dual thermal and electrical output capabilities, demonstrate a
higher LCOEeq e compared to their PV-HP counterparts, approximately
26 % higher in Athens and 39 % higher in Strasbourg compared to the
PV-HP system. This is primarily driven by higher capital costs
(0.110-0.116 €/kWh) rather than operational inefficiencies, as opera-
tional costs remain competitive (0.089-0.146 €/kWh). This is primarily
due to the higher capital costs associated with PVT collectors. Thus, PVT
system’s higher upfront investment partially offsets some of the benefits
of integrated thermal energy production, resulting in a slightly less
competitive cost structure.

The hydrogen boiler system has the same cost as the natural gas
boiler system but exhibits significantly higher LCOEeq,e1, 44 % in Hel-
sinki and 100 % in Athens compared to the stand-alone natural gas
system. This is because of the current high production and distribution
costs of hydrogen relative to natural gas which increases the operational
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Fig. 16. NPV and PBT for various system combinations in selected cities. NPV
values for H. Boiler (—49,865, — 61,615, —36,535 €/year for Athens, Stras-
bourg, Helsinki, respectively) and PVT-DAR (—151,110 €/year for Athens) are
not fully displayed to show other values clearly.

expenses of the hydrogen boiler system. While these elevated costs
highlight the economic challenges facing hydrogen boilers, future ad-
vancements in green hydrogen technology could reduce these costs,
enhancing the competitiveness of hydrogen boilers.

When it comes to PVT-DAR systems, the primary challenge in Athens
was the high cooling demand, which directly increased the number of
DAR units required and, consequently, the number of generators
needed, resulting in both high capital costs (0.160 €/kWh) and opera-
tional costs (0.950 €/kWh). In contrast, for Strasbourg and Helsinki, the
results were not as pessimistic as those observed for Athens, with capital
costs of 0.147 and 0.195 €/kWh respectively, and significantly lower
operational costs (0.145 and 0.106 €/kWh).

Cost savings (Cs) do not consider the initial investment costs (Cp) and
focus exclusively on operational savings. As a result, the differences
between PVT-based systems and their corresponding PV systems are
minimized, or in some cases, PVT-based systems appear more favorable
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since they cover both electrical and heat demand. However, while PV
prices have decreased significantly over the past decade, PVT prices
have remained relatively stable, making PVT systems less competitive
from a capital cost perspective. To enhance the competitiveness of PVT
systems, further research and development efforts are crucial to reduce
manufacturing costs.

The cost savings of HPs exhibit significant regional variations,
ranging from 403 €/year in Athens to 2598 €/year in Helsinki. This can
be explained by the electricity-to-gas price ratio, which is highest in
Greece (2.48) and lowest in Finland (1.19), reflecting the relative
affordability of electricity compared to natural gas in these regions. A
higher electricity-to-gas price ratio makes heat pumps less economically
attractive, as they rely on electricity for operation. Conversely, lower
ratios, as seen in Finland, enhance the cost-effectiveness of heat pumps.
Furthermore, there is a strong correlation between heat pump sales per
1000 households and the electricity-to-gas price ratio [100]. While it is
not the sole factor influencing heat pump adoption, this price ratio offers
a compelling explanation for the regional variations in cost savings.

Figure 16 shows the NPV results for the evaluated systems. The boiler
system showing a negative NPV because it does not generate cost saving.
Similarly, systems such as PV-NGB, ST-NGB, and PVT-NGB exhibit low
or negative NPV values, as the calculations account for all system
components, including the boiler and AC.

When looking at the HP system, the NPV varies significantly
depending on regional energy price structures. In Athens, the HP system
demonstrates a negative NPV (—3580 €), primarily attributed to the
region’s low natural gas prices, which diminish the economic advantage
of adopting this technology. Conversely, in Helsinki, where natural gas
prices are 2.37 times higher than Athens, the HP system achieves a more
favorable NPV (25,380 €). The results for the hydrogen boiler and PVT-
DAR systems align with the previously explained trends. Notably, the
PV-HP system emerges as the most economically viable option across all
analyzed cities, achieving the highest NPV.

When it comes to PBT, it is important to note that negative values
indicate an inability to recover initial investment costs within the
analyzed timeframe. The boiler system serves as a benchmark and does
not have a PBT, as it does not generate cost savings to offset the initial
investment. Furthermore, PBT varies across regions due to differences in
cost savings. The PV-HP system is the most favorable for all analyzed
cities. In Finland, where PV-HP system cost savings are highest, it ach-
ieves a shorter PBT of 4.65 years, while in Greece, where cost savings are
lower, the PBT extends to 8.95 years.

The Internal Rate of Return (IRR) analysis was also calculated and
results are shown in Fig. 17. IRR is the discount rate at which the NPV of
the investment equals zero, with results aligning with NPV trends pre-
viously discussed. NGB based systems exhibit lower returns, with PVT-
NGB showing a moderate IRR (5-6 %), due to complete system costs
including boiler and AC components, reduce overall system profitability.
In Athens, the standalone HP system achieves only 0.2 % IRR due to low
natural gas prices, consistent with its negative NPV performance.
However, PV-HP systems show strong viability at 13.3 % IRR in the
same location. In Strasbourg, the PV-HP system leads with 14.1 % IRR,
followed closely by the PV-HP system at 7.3 %. Helsinki presents the
most favorable economic environment for heat pump technologies due
to high natural gas prices, with the HP system achieving 23.6 % IRR and
the PV-HP system reaching the highest IRR of 24.0 % across all con-
figurations and locations.”

3.4. Comparative analysis under variable energy source prices

Analyzing the system profitability sensitivity to variations in natural
gas (or hydrogen) and electricity prices is particularly important.
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Fig. 18. Comparison of technologies based on: (a) lowest LCOE.q ¢ and (b) highest C; across varying electricity and gas prices (natural gas or hydrogen) for Athens.
Different colors indicate which combination is the most favorable for a given combination of prices.

Figs. 18 — 20 show which technology achieves the lowest LCOEeqe
(Figs. 18(a), 19(a) and 20(a)) for each price combination for the
analyzed cities. The overall trends remain consistent, but slight varia-
tions arise due to differences such as in local climate and energy price
structures. The PV-HP system is the most economically advantageous
option across a wide range of price combinations. This is due to the
system leveraging both solar electricity generation and its efficient use
via heat production through the heat pump, making it highly competi-
tive. In contrast, the PV-NGB system (PV + natural gas boiler + AC)
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demonstrates competitiveness only under very low natural gas prices
and high electricity prices, where the boiler remains cost-effective for
heating, and the PV system reduces electricity-related costs.

Figs. 18(b), 19(b) and 20(b) show which technology achieves the
highest cost saving for each price combination for analyzed cities. Un-
like the LCOEeq, analysis, this metric does not account for the initial
capital cost (Cp) and focuses solely on operational savings. Thus, it
provides additional insights into system performance. The results largely
align with LCOEq eiwith one key difference: the PVT-NGB system (PVT
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Fig. 19. Comparison of technologies based on: (a) lowest LCOE.q. and (b) highest C; across varying electricity and gas prices (natural gas or hydrogen) for
Strasbourg. Different colors indicate which combination has the most favorable for a given combination of prices.
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Fig. 20. Comparison of technologies based on: (a) lowest LCOE,q,c1 and (b) highest C, across varying electricity and gas prices (natural gas or hydrogen) for Helsinki.
Different colors indicate which combination has the most favorable for a given combination of prices.

+ natural gas boiler + AC) achieves the highest cost savings within a
narrow band of very low gas prices and high electricity prices. Despite its
high initial capital cost, the PVT system’s combined production of
electricity and heat leads to greater operational savings.

Systems heavily reliant on a single energy resource (e.g., natural gas
or electricity) perform poorly when that resource becomes expensive. In
contrast, systems with solar energy (e.g., PVT-NGB or PV-HP) remain
competitive even when main heating systems (such as boilers or heat
pump) become less economical due to rising prices. Similarly, technol-
ogies like hydrogen-based systems are not viable due to expensive
hydrogen supplies, limiting their applicability. Emerging technologies,
such as DAR, face higher costs due to lack of economies of scale
compared to established options like conventional AC. These factors
explain why certain technologies do not appear as optimal or cost-saving
across broader scenarios.
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For demonstration purposes, we also present a separate figure,
Fig. 21, for the same results excluding the PV-HP system for the selected
cities. This allows a more detailed examination of performance char-
acteristics of the remaining systems and offering a more nuanced un-
derstanding of their potential viability under different energy market
conditions. The figure indicates that the optimal system selection is
highly sensitive to both electricity and gas prices. Understanding the
interplay between these prices is important for long-term energy plan-
ning. Under 2024 prices, in Helsinki, the PVT-HP system has the lowest
LCOE¢q,l. In Athens, it remains the dominant choice across a broad
range of price scenarios benefiting from its warmer climate and the
contribution of PVT systems for both electricity and heat generation.
The HP-only option is competitive at lower electricity prices, where in
Helsinki it extends over a wider range. This highlights the importance of
efficient heat pumps in cold climates.
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4. Conclusions

In this study, the techno-economic potential of various heating,
cooling, and power generation systems for residential buildings was
investigated across different climates in Europe, focusing on Athens,
Strasbourg, and Helsinki. The systems included combinations of the
following technologies: PV, ST, PVT, HP, natural gas boiler, hydrogen
boiler, AC, and DAR. Nine different combinations were proposed to meet
residential energy demands: (1) PVT + HP + AC; (2) PV + HP + AC; (3)
HP + AC; (4) Natural gas boiler + AC; (5) PV + natural gas boiler + AC;
(6) ST + natural gas boiler + AC; (7) PVT + natural gas boiler + AC; (8)
Hydrogen boiler + AC; and (9) PVT + DAR system, with natural gas
boiler as a backup. Transient MATLAB models were developed for each
system configuration, solved using hourly electricity, heating, and
cooling demand profiles for three locations with distinct weather and
resource price characteristics. These models enabled economic, envi-
ronmental, and energetic analysis, facilitating a comparative assessment
of the different systems’ performance. The study aimed to determine the
optimal system configurations for single-family homes in varying cli-
matic conditions.

The key results of this analysis are presented below:
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e The performance of solar technologies varied considerably depend-
ing on the local climate and the specific technology used. For
example, the PVT-NGB system’s electricity coverage was 53.0 % in
Athens and 39.5 % in Helsinki.

PV technologies effectively resulted in lower CO; emissions in Ath-
ens, where grid electricity emissions were consistently 2 to 5 times
higher than in Strasbourg or Helsinki. Consequently, the environ-
mental benefits of PV technologies in Athens were more pronounced
compared to Strasbourg and Helsinki.

The PV-HP system combination demonstrated the highest emission
reduction in Athens, achieving 4700 kg COx,q/year, followed closely
by the PVT-HP system with a difference of approximately 300 kg
COy,eq/year. In Strasbourg and Helsinki, both PV-HP and PVT-HP
systems exhibited similar emission reductions of 4200 and 3900 kg
CO,,¢q/year, respectively, albeit lower than those observed in Greece
due to regional differences in the carbon intensity of grid electricity.
Notably, the hydrogen boiler achieved the highest emission reduc-
tion in Strasbourg and Helsinki (4270 kg CO5 ¢q/year), driven by the
use of green hydrogen in this analysis, which entails no direct
emission and higher heating demands in both cities.

Integrating heat pumps with solar technologies (e.g., PVT-HP and
PV-HP systems) showed significant potential to enhance energy ef-
ficiency and dependence on grid electricity. These systems were able
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to meet a significant portion of heating demand while minimizing

operating costs. In terms of LCOEg, e, the PV-HP system consistently

achieved the lowest LCOE,q ¢ across all cities, ranging from 0.1446

€/kWh in Athens to 0.2028 €/kWh in Strasbourg, followed by PVT-

HP (approximately 26 % percent higher in Athens and 39 % higher

in Strasbourg compared to PV-HP). The higher initial cost of PVT

systems compared to PV systems contributed to the slightly higher

LCOEqe values despite their dual thermal and electrical output

capabilities.

Hydrogen boilers fueled by green hydrogen exhibited higher LCOE,,,

o values, reaching twice in Athens and Strasbourg and approximately

40 % higher in Helsinki, despite high natural gas prices in Finland.

The economic viability of hydrogen boilers in the future will largely

depend on advancements in green hydrogen production and distri-

bution, which could reduce costs and improve their competitiveness
as a sustainable heating solution.

e The cost savings associated with heat pumps varied significantly
across regions, ranging from 403 €/year in Athens to 2598 €/year in
Helsinki. This variation can be attributed to the electricity-to-gas
price ratio, which is highest in Greece (2.48) and lowest in Finland
(1.19). This price ratio provides a compelling explanation for the
regional variations in cost savings and, consequently, technology
adoption. Furthermore, the PV-HP system achieved a lower PBT of
4.65 years in Finland and 8.95 years in Greece.

Several directions for future research emerge from this study’s
findings and limitations. This study focused on grid-connected config-
urations without battery energy storage systems (BESS) to maintain a
manageable framework for comparing heating and cooling technologies
across diverse climates. Future research should integrate BESS to
enhance solar energy utilization, self-consumption, and grid flexibility.

The techno-economic feasibility of hydrogen-based heating solutions
requires deeper investigation in future work. This analysis should
consider various hydrogen production methods (e.g., blue hydrogen
with carbon capture and storage) and their associated infrastructure
costs. A comprehensive analysis of transition pathways (e.g., blending
scenarios with natural gas, regional infrastructure challenges) is
essential.

While this study focused on the like-to-like comparisons, integrating
demand-side management (DSM) strategies is a key area for further
research to optimize residential energy systems. For PV systems, DSM
can include load shifting to better align electricity consumption with
periods of solar generation, thereby increasing self-consumption and
reducing grid reliance. For PVT and ST systems, coordinated control of
thermal storage (e.g., hot water tanks) can store excess solar energy
during the day and offset auxiliary heating needs during non-solar
hours, improving solar utilization. For HP systems, load shifting based
on dynamic electricity tariffs or renewable energy forecasts can lower
operational costs and improve overall system efficiency. Hybrid
HP-boiler systems can operate flexibly by prioritizing heat pump use
during low-tariff or renewable-rich periods, with boilers providing
backup during high-demand or low-renewable conditions. For AC sys-
tems, the building thermal mass can be exploited to pre-cool indoor
spaces during off-peak hours, further supporting DSM goals.

Future research should extend the current comparative analysis by
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incorporating multi-objective optimization techniques that offer
tailored solutions to identify optimal system configurations under
different priorities such as minimizing cost, reducing emissions, or
maximizing energy efficiency. This approach would enhance decision-
making support for both policymakers and system designers in diverse
climatic and regulatory contexts. Additionally, future research should
build upon the current analysis by incorporating scenarios that reflect
projected trends in climatic conditions and grid decarbonization, as well
as risk-based analyses to capture uncertainties in key parameters. Also,
national or region-specific support schemes should be integrated to
provide a more comprehensive picture of deployment feasibility and to
better inform policy-relevant techno-economic comparisons under
different regulatory frameworks.

The environmental assessment in this study focused on operational
CO, emissions, but a comprehensive environmental evaluation should
encompass broader considerations. Future research should incorporate
full Life Cycle Assessment methodologies to quantify embodied energy
from manufacturing, transportation impacts, and end-of-life consider-
ations such as refrigerant management and material recovery. Such
comprehensive analysis would provide stakeholders with more com-
plete environmental decision-making tools while supporting policy
development for sustainable energy system deployment.

It is important to note that the identified economic optimal config-
urations represent the best among the nine specific system combinations
studied under the stated conditions. Further research exploring alter-
native configurations outside the scope of this study may show addtional
interesting insights. For the integrated PVT - heat pump system, different
configurations can be studied to increase energetic performance. When
it comes to the DAR system, different refrigerant fluid pairs and backup
systems can be investigated to improve their efficiency and environ-
mental compatibility. Furthermore, future research could examine the
influence of variations in solar availability and heating/cooling loads to
broaden the scope of our findings.
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Appendix A
A.1. Coil type heat exchanger

All the symbols defined in the main body of this paper are not redefined here. The reader is directed to the nomenclature for symbol definitions.
The thermal resistance term, needed for the NTU method, is calculated using Eq. A.1:

i o (%) 1 (A1)
Reoit = . : )

dihcoil 27[Lcoilkp ht

where h., hy are heat transfer coefficients in the coil for forced convection and the coefficient in the tank for natural convection, respectively. L. is
the length of the coil. k; is thermal conductivity of the copper pipe of the coil (set to 385 W m K.
Correlations for the forced convection in the coil-type heat exchanger [101], and in the tank [102] obtained from Eq. A.2 and A.3 respectively:

heank = Nll‘d& (A.2)
0

hcoil = Ivuc%l.(water (AS)
1

where d; and d, are the internal and external diameters of the coil, respectively.
The Nusselt number for forced convection in the coil-type heat exchanger and the Nusselt number for natural convection heat transfer coefficient
inside the water tank [102] are calculated using Eq. A.4 and A.5, respectively:

0.9
3.66 +0.08 (1 +08 <i> ) (Reco)™(Pr)°?, if Recoit < Reaitic

Nuon = d, (A4

0-023(Recoil)0>85 (PT')OA, lf Recoil 2 Recritic

Nugnk = 0~52(Ratank)o.25 (A.5)

The Prandtl number corresponds to the water circulating through the coil, while m is a coefficient related to the coil diameters.
The Reynolds number for the flow in the coil and correlation for estimation of the critical Reynolds number are obtained with Eq. A.6 and A.7
respectively:

mfa
Regi = T (A.6)
el
4\ 045
Regitie = 23001 + 8.6 (j) :| (A.7)
0

where u the dynamic viscosity of water, in Paes.
Prandtl number is determined by:

Cpﬂ

Pr= P— (A.8)
The coefficient, m, for the coil diameters is calculated by:
m=05+029 (ﬂ) " A.9)
' T\
The Rayleigh number for the water in the tank is calculated by:
Ragnk = M (A.10)

va

B is the thermal volume expansion in °C ~!, v is the kinematic viscosity, « is the thermal diffusivity of the water inside the tank, and g is the
acceleration due to gravity.

A.2. Circulation pump power

The power consumption of the PVT circulation pump is given by eq. A.11 [101,103].
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mfa(Apcollector + APPVT)

Poump = (A.11)

npu_mppwater
where APcjicctors APpyr Pressure drops in PVT collectors and circulation loop, respectively, in Pa. 1,,,,, is pump efficiency (set to 85 %) and p,,, is the
density of water.
The pressure drops in the PVT circulation loop are calculated using eq. A.12:

2

pripe mfa
APpyr = 050 —— (A.12)
F Dh ’ /)Apipe

where f is the friction factor, determined as indicated in [104]. Lpjpe, Dp, Apipe are length, hydraulic diameter, and internal area of the pipes in the loop
system, respectively.
The pressure drop in each collector is assumed to be constant at 180 mbar, which is the average of values reported in previous studies [105,106].

AP gliector = 0.18  10°Pa (A.13)

A.3. Cost saving equations for each system

The calculation of Cs; depends on the system considered. For PVT-HP, PV-HP, and HP systems, it is calculated using:

Qonw cov + Qsticov) €
Cs = CO&M.boiler - CO&M + (Ecov - EHP.uncov)Ce + Eexcse =+ ( T cov H'COV) - (A14)
Mboiler
For PVT-NGB, PV-NGB, and ST-NGB systems, it is calculated using:
Quw.cov + Qsiicov )€
Cs = _CO&M + (Eapp,cov)ce + Eexcse + ( oy HCDV) i (A15)
Mboiler
For PVT-DAR system’s C; is calculated uinsg:
Quw cov + Qsticov — Qneater )€

Cs = CO&M.boiler - CO&M + (Eapp.cov + Esc.cov.eqel)ce + Eexcse + ( Wicov Hcov eater) 8 (A16)

Mboiler

where, Egc coveqel 1S the covered SC demand with DAR system, and Qpeaer is an additional heat from the water heater required to provide the energy

needed for the operation of the DAR system.
C; for hydrogen boiler is equal to:

(Quw + Qsu)Cng _ (Quw + Qsu)cu

Mvoiler M boiler

C = (A.17)
Here, ¢y is the cost of hydrogen price.

A.4. Cost estimation equations

For systems that use PVT, piping costs for pipes needed for PVT system are estimated as a function of the total area occupied, and the pipe diameter
used for heat transfer fluid circulation:

Lyipe = 41/Actora + 40 0 (0.897 + 0.21Dypc ) (A.18)
Also, heat transfer fluid costs, circulating in PVT, are determined by the total volume required:
Inge = 3.3Vt (A.19)

where Vi is the volume of heat transfer fluid to be used.
The HTF pump cost is estimated by [107]:

0.25
Lyump = 500 (W,,,, / 300) (A.20)

where pr is the peak electrical power of the pump, in W.
Also, as an auxiliary equipment cost, the controller and expansion vessel are assumed 110 and 140 euros, respectively [45].

A.5. Model validation of PVT system

The next figure represents the validation of the PVT panel model, showing the comparison between simulated and experimental thermal efficiency.
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Fig. Al. Validation of the photovoltaic-thermal (PVT) panel model against experimental data. The blue line represents the simulated thermal efficiency of the PVT
panel according to Eq. (1), plotted as a function of reduced temperature. The red squares indicate actual experimental measurements. The close agreement between
the two confirms the accuracy of the PVT model. The experimental data were obtained from Ref. [108]

A.6. DAR model description

A description of this process can be summarized:

The PVT system produces residual heat, which is transferred to the refrigerant-rich solution (1) in the generator. This heat (Qgen) causes the
solution to boil (2).

The rising bubbles lift the solution through the inner tube of the bubble pump. At the top of the tube, the refrigerant vapor (4) is separated from the
weak refrigerant solution (3), which returns downwards.

The refrigerant vapor that rises from the bubble pump may not be pure enough to go directly to the condenser (When using water or a similar

relatively volatile absorbent), and should pass through a rectifier. In the rectifier, more refrigerant is purified by releasing heat (Qm> to the
environment.
The purified refrigerant vapor (6) enters the condenser, where it loses heat <Qcond) to the ambient and changes into a liquid state.

After being subcooled through a gas heat exchanger, the nearly pure refrigerant enters the evaporator (7). In the evaporator, the liquid refrigerant
encounters the auxiliary gas (8,g) (hydrogen), leading to evaporation due to the lower partial pressure. This evaporation absorbs heat (Qevap) from
the space being cooled, which defines the cooling capacity of the system. After leaving the evaporator (10), the refrigerant-auxiliary gas mixture is
directed to the reservoir.

The refrigerant-auxiliary gas mixture enters the absorber, where it contacts the weak refrigerant solution. The refrigerant is absorbed into the

solution, releasing heat (Qabs> , while the incondensable auxiliary gas moves up the absorber and returns to the evaporator through the gas heat

exchanger.
The refrigerant-strong solution returns to the generator (11), preheated in a solution heat exchanger by the weak solution returning from the
absorber (1), thus closing the cycle.
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Fig. A3. A simple block diagram of a DAR system. This figure was adapted with permission from Ref. [30]

A.7. Additional tables and figures.

Table Al

Overview of annual electricity and heat performance of different system combinations across three countries. Table presents yearly heat demand (Qgem), heat input to
the tank via direct solar thermal energy (Ecov, app), and solar-sourced electricity used by the heat pump (Qcov,up), yearly electricity demand (Egem), solar-sourced
electricity contributions for the heat pump (Ecov,np) and household appliance electricity demand (Ecov, app). All values are in kWh.

Country System Electricity Heat
Ecov,app Ecov,Hp Epem QpEM Qth,solar Qcov,np

PV-NGB 1662 - 3000 12,719 0 -
PVT-NGB 1589 - 3000 12,719 4872.7 -

Athens ST-NGB 0 - 3000 12,719 6527.5 -
PV-HP 1563 1879 7236 12,719 - 6750
PVT-HP 1681 1195 6633 12,719 2772 4070
PV-NGB 1412 - 2872 17,391 0 -
PVT-NGB 1346 - 2872 17,391 4519.7 -

Strasbourg ST-NGB 0 - 2872 17,391 5733 -
PV-HP 1333 1858 9061 17,391 - 6357
PVT-HP 1412 1321 8618 17,391 1934 4308
PV-NGB 1092 - 2659 17,393 0 -
PVT-NGB 1030 - 2659 17,393 3225.2 -

Helsinki ST-NGB 0 - 2659 17,393 5337.6 -
PV-HP 1023 1742 9779 17,393 - 5398
PVT-HP 1070 1366 9491 17,393 1193 4064

The COP of a HP increases as the temperature difference between the hot sink and the cold source decreases. Since the temperature difference at the
water tank (Twr) varies by no more than 10 °C when the heat pump is activated, the COP is mainly influenced by the ambient temperature. The peak
COP typically occurs at the warmest point of the year, depending on the location.
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Fig. A4. Daily average COP of HPs throughout the year for: (a) Athens; (b) Strasbourg; and (c) Helsinki.

A.8. Additional system specifications of simulated systems

HP system: The capacity of HP is set to 5.5 kW, with design temperatures of 2 °C for Athens, —3.2 °C for Strasbourg, and — 10.3 °C for Helsinki.
These temperatures represent the 99th percentile values, meaning they were exceeded only 1% of the time in 2023 as recorded by meteorological
stations in the three studied cities.

Water storage tank: A nominal volume of 744 L was used consistently across all simulations.

AC System: The AC units were sized to meet the peak cooling demand for each climate zone, with capacities of 4 kW, 3 kW, and 2.5 kW for Athens,
Strasbourg, and Helsinki, respectively.

DAR System: The DAR system’s cooling capacity was selected to match the peak cooling requirements of each location. This resulted in cooling
capacities 4 kW, 3 kW, and 2.5 kW for Athens, Strasbourg, and Helsinki, respectively.

Data availability

The data supporting the findings of this study are available from the
corresponding author upon reasonable request. Additionally, numerical
model details used in this study can be accessed upon request, provided

they comply with institutional and funding body requirements.
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