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A B S T R A C T

Electrification is increasing the use of heat pumps for domestic hot water (DHW), but their performance remains 
strongly dependent on source temperature. This study evaluates whether an asphalt solar collector (ASC) inte
grated into a 600 m2 parking area can provide seasonal source-side preheating for a water-source heat pump in 
Kaunas, Lithuania (54.9◦N). An hourly model was run for 2015–2024 using ERA5 meteorological data and 
measured DHW demand. Building and vehicle shadows were represented through clipped polygon unions, 
collector heat transfer and hydraulics through flow-regime-specific correlations, and heat-pump capacity and 
electricity use through a manufacturer-based EN 14511 performance map that included operating limits, cycling, 
backup heating, standby demand and hydraulic auxiliaries. Under fixed-flow control, the shaded collector 
delivered 25.06 kWh m− 2 yr− 1 and increased the heat-pump seasonal coefficient of performance from 3.58 to 
4.01. After collector pumping was included, the system seasonal performance factor was 3.92 and net electricity 
use fell by 8.66%. Variable-flow strategies increased gross heat collection by 4.6–4.7%, but reduced net elec
tricity savings to 6.60–7.04% because of higher pumping demand. Across collector areas of 300–900 m2 and 
storage volumes of 2.5–10 m3, the maximum electricity-saving ratio was 9.80%. Meaningful collection occurred 
mainly from April to October, and neither economic nor carbon payback was achieved within the assumed 25- 
year service life. The system should therefore be regarded as a seasonal efficiency measure rather than a year- 
round heat source, with stronger prospects in sunnier, less shaded locations or projects that can realise addi
tional pavement-related benefits.

Nomenclature

Symbol Definition
Aasc ASC area (m2)
Cp specific heat of water (J kg− 1 K− 1)
COP coefficient of performance (− )
ESR net electricity saving ratio (%).
fbldg, fcar building/vehicle shading fractions (− )
Gsw, Geff incident/effective shortwave irradiance (W m− 2)
hconv, hrad, hext convective, radiative, fluid-side heat-transfer coefficients (W 

m− 2 K− 1).
J net thermal-benefit objective of the flow controller, J = Q −

COP⋅Ppump (pump power as thermal-equivalent) (W)
ṁ module mass flow rate (kg s− 1)
NTU number of transfer units (− )
Ppump circulation-pump electrical power (W).

(continued on next column)

(continued )

Q collected heat (Qasc total; Qmod per module; Qnet after transport 
loss) (W or kWh)

Rcond, Rwall, Rconv asphalt, pipe-wall, internal-convective thermal resistances (m K 
W− 1)

spipe pipe spacing (m).
Tsurf, Tin, Tout, 

Ttank, Tcw

pavement-surface, inlet, outlet, buffer-tank, cold-water 
temperatures (◦C)

Tsink, Tsource condenser/evaporator temperatures (K)
UAmod module overall heat-transfer coefficient (W K− 1)
vwind wind speed (m s− 1)
zp pipe burial depth (m).
α pavement albedo
ε pavement emissivity/exchanger effectiveness
Cdh cycling degradation coefficient (− )
ηpump, ηmotor, ηVFD pump, motor, VFD efficiencies

(continued on next page)
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(continued )

ρ fluid density (kg m− 3)
σ Stefan–Boltzmann constant
ΔT temperature lift (K).

1. Introduction

In the context of deep decarbonisation of the global building sector, 
the electrification of heating and the integration of renewable energy 
have become key pathways for reducing greenhouse gas emissions [1]. 
In Europe, building heating and domestic hot water (DHW) account for a 
substantial share of final energy consumption [2], while many existing 
supply systems still rely on fossil-fuel-based technologies or 
carbon-intensive district heating networks [3]. As electricity systems 
continue to decarbonise, electrically driven heat pumps are increasingly 
regarded as a key option for replacing conventional heating technologies 
because they can utilise low-grade ambient heat and significantly reduce 
both primary energy consumption and carbon emissions [4,5].

However, the efficiency of heat pump systems is highly sensitive to 
the temperature lift between the evaporator and condenser sides [6–8]. 
In DHW applications, the supply temperature usually needs to reach 
50–60 ◦C to satisfy hygiene and user comfort requirements, which leads 
to a relatively large temperature lift and, consequently, a lower coeffi
cient of performance (COP) and higher electricity consumption [9,10]. 
Therefore, increasing the temperature of the evaporator-side heat source 
while maintaining reliable DHW supply is an effective strategy for 
improving the energy performance of heat pump systems.

Solar-assisted heat pump (SAHP) systems have been widely recog
nised as a promising approach for this purpose [11,12]. By coupling 
solar thermal collectors to the evaporator side of a heat pump, solar 
energy can be used to elevate the source-side temperature, reduce the 
required temperature lift, and improve heat pump COP [13]. Previous 
studies have extensively investigated the integration of flat-plate col
lectors, evacuated tube collectors, and photovoltaic/thermal (PV/T) 
systems with heat pumps [14–16]. More recent developments have 
further expanded this field to include CO2 transcritical heat pump sys
tems for DHW production [17], ultra-low-temperature district heating 
with booster heat pumps [18], and model predictive control strategies 
for solar-assisted DHW systems [19,20].

Compared with conventional medium- and high-temperature solar 
collectors, low-temperature unglazed collectors are particularly suitable 
for coupling with heat pump evaporators because they can operate 
effectively at relatively low source temperatures and maintain longer 
annual operating periods [21]. In addition, such collectors can be inte
grated into building envelopes or urban infrastructure surfaces, thereby 
reducing land-use requirements and avoiding competition for limited 
rooftop area.

Among potential urban heat-harvesting surfaces, asphalt pavements 
are of particular interest because they are widespread, highly solar 
absorptive, and characterised by considerable thermal inertia. By 
embedding heat-exchange pipes within the pavement structure, asphalt 
solar collectors (ASCs) can recover solar heat absorbed by the pavement 
and transfer it to a circulating fluid. This low-temperature heat can then 
be used as an auxiliary heat source for heat pump systems. In addition to 
energy recovery, ASC systems may provide further co-benefits, such as 
reducing pavement surface temperature, mitigating the urban heat is
land effect, and slowing asphalt thermal ageing [22–25].

Previous studies have investigated the thermal behaviour of ASC 
systems through both experiments and numerical simulations, showing 
that their performance is strongly influenced by design and operating 
parameters such as pipe spacing, burial depth, flow rate, and pavement 
albedo [25,26]. However, in high-latitude cold climates, solar radiation 
is relatively weak and exhibits pronounced seasonal variability. Under 
such conditions, ASC systems generally need to be combined with 

thermal storage and heat pumps to deliver meaningful annual energy 
benefits [27]. Despite this potential, the application of ASCs as 
evaporator-side heat sources for DHW heat pump systems remains 
insufficiently studied, particularly in high-latitude urban environments.

Three major research gaps can be identified in the existing literature. 
First, most previous studies on pavement solar collection have primarily 
focused on maximising thermal yield, whereas relatively few have 
assessed overall electricity-saving performance by jointly considering 
collected heat, circulation pump electricity consumption, and the 
resulting improvement in heat pump COP [28]. This issue is particularly 
important because the auxiliary electricity demand of the circulation 
pump may materially affect the net benefit of ASC systems, especially in 
small- and medium-scale applications. Second, in high-latitude urban 
environments, low solar elevation angles can cause substantial and 
highly dynamic shading from surrounding buildings and parked vehi
cles. If such effects are not explicitly represented, the available solar 
irradiance on the pavement may be systematically overestimated, 
leading to overly optimistic predictions of system performance. Third, 
many previous studies have relied on short-term experiments or 
single-year simulations based on typical meteorological year data, 
whereas long-term evaluations based on multi-year meteorological re
cords remain limited.

To address these gaps, this study investigates the DHW system of the 
B92 residential building in Kaunas, Lithuania (54.9◦N), where a 600 m2 

parking-lot ASC is coupled with a water-source heat pump and a low- 
temperature buffer tank. Hourly simulations were conducted over a 
ten-year period (2015–2024) using ERA5 reanalysis data. Within this 
framework, one fixed-flow control strategy and two variable-flow con
trol strategies were systematically compared, while the effects of 
building shading and vehicle shading were explicitly incorporated into 
the model.

This study evaluates ASC–heat-pump performance using net ESR 
rather than gross heat yield, thereby accounting explicitly for collector 
output, circulation-pump electricity, control strategy, and heat-pump 
performance. The analysis shows that variable-flow control can in
crease heat collection while reducing net electricity savings when hy
draulic losses and drive efficiency are included. The framework 
combines ten years of reanalysis meteorology with measured demand 
data, hourly building and vehicle shading, and comparisons of the col
lector sub-model with three published installations spanning 38–63◦N. 
Component-level evaluation, uncertainty analysis, design optimisation, 
and economic and life-cycle assessments are then used to define the 
feasibility and limitations of the proposed system.

2. Materials and methods

Fig. 1 and the following sequence summarise the coupled modelling 
framework. At each hourly time step, the model (i) calculates effective 
pavement irradiance from ERA5 radiation after building and vehicle 
shading; (ii) solves pavement surface temperature using a linearised 
Hottel–Whillier energy balance; (iii) calculates module heat collection 
with an ε–NTU heat-exchanger model under the selected control strat
egy; (iv) updates buffer-tank temperature from its energy balance; and 
(v) evaluates heat-pump COP and electricity demand against the DHW 
load. The sub-models are coupled sequentially through the buffer-tank 
state, and net ESR is the primary annual output. The framework was 
implemented in Python using NumPy and Pandas for numerical calcu
lations and openpyxl to process the measured demand input. The gov
erning equations, parameter values, control logic, and workflow are 
fully specified in Section 2, Appendices A1–A3, and Supplementary 
Table S1, providing a reproducible computational procedure without 
relying on code availability. The DHW input is derived from measured 
district-heating substation records for the B92 building, as described in 
Section 3.1.
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2.1. Study location and system overview

This study was conducted in Kaunas, Lithuania (54.9◦N, 23.9◦E). 
Kaunas has a temperate continental climate, with an annual mean air 
temperature of approximately 9 ◦C and an annual global horizontal 
irradiance (GHI) of approximately 1050 kWh m− 2 [29,30]. Compared 
with southern European regions, summer pavement temperatures are 
relatively moderate, with typical daytime values of 22–34 ◦C. Fig. 2
presents the satellite image and site photograph of the study area. These 
climatic and site characteristics make Kaunas a representative case for 
evaluating the feasibility of coupled ASC–heat pump systems under 
high-latitude cold-climate conditions.

The investigated system is the DHW supply system of the B92 resi
dential building. Adjacent to the building is a parking lot with an area of 

approximately 600 m2, beneath which collector pipes are embedded in 
the asphalt pavement. The overall system configuration is illustrated in 
Fig. 1. The ASC absorbs solar heat from the pavement surface and 
transfers it to a low-temperature buffer tank through insulated transport 
pipes. A water-source heat pump then uses the buffer tank as the 
evaporator-side heat source and upgrades the collected heat to a DHW 
supply temperature of 50 ◦C. By increasing the buffer tank temperature 
and reducing the required temperature lift, the ASC enhances heat pump 
COP and reduces overall electricity consumption.

It should be emphasised that the ASC operates exclusively in solar 
collection mode. During periods without sufficient solar radiation, such 
as nighttime and winter conditions, no heat is extracted from the 
pavement. Ground-source heat extraction is not considered because the 
shallow burial depth (5 cm) is insufficient for effective ground-coupled 

Fig. 1. System schematic of the parking-lot asphalt solar collector coupled to a low-temperature buffer tank and a water-source heat pump for domestic hot 
water production.
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operation, and excessive heat extraction from shallow pavement layers 
could increase the risk of frost heave and structural deterioration. When 
the buffer tank temperature falls below the cold water temperature, the 
heat pump draws heat directly from the cold water supply.

The main design parameters of the system are summarised in 
Table 1.

2.2. Meteorological data

Hourly ERA5 reanalysis data from the European Centre for Medium- 
Range Weather Forecasts (ECMWF) were used as meteorological inputs 

for the period from 1 January 2015 to 31 December 2024, corresponding 
to 87,672 hourly records. The extracted variables included 2 m air 
temperature, 10 m wind components, surface downward shortwave 
radiation, and surface downward longwave radiation. In ERA5, radia
tion variables are stored as accumulated quantities. Therefore, hourly 
mean irradiance was obtained by differencing consecutive accumulated 
values and dividing by 3600 s, with negative values at reset points set to 
zero.

In ERA5, radiation data are stored as accumulated values from the 
forecast start time and are reset to zero at 01:00 UTC each day. The 
hourly mean irradiance was obtained by differencing two adjacent 
accumulated values and dividing by 3600 s: 

Gsw(t) =
max[ssrd(t) − ssrd(t − 1), 0]

3600
(1) 

Over the ten-year period, annual GHI ranged from 975 to 1104 kWh 
m− 2, which is consistent with measured data for Kaunas within ±5% 
[29]. The ten-year meteorological dataset is presented in Fig. 3, 
including the monthly air temperature range (Fig. 3a), global horizontal 
irradiance (Fig. 3b), and wind speed (Fig. 3c).

The wind speed at ground level was calculated from the u10 and v10 
components: 

vwind =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
u102 + v102)

√
(2) 

2.3. Solar position and shading model

2.3.1. Solar position
The solar altitude and azimuth angles were calculated hourly using 

the Spencer equations [31]. The deviation from the NREL solar position 
algorithm (SPA) is less than 0.5◦. The day angle B (rad) is defined as: 

B =
2π(dn − 1)

365
(3) 

The equation of time E (min) is given by: 

E=229.18(7.5e − 5+1.8 − 2sinB − 1.4615e − 2 cos 2 B − 0.04089 sin 2 B)
(4) 

The solar declination and hour angle were then derived from the 
solar time. Finally, the solar altitude alt (◦) and azimuth az (◦; clockwise 
from north) were determined. When, the sun is below the horizon and 
irradiance was set to zero.

2.3.2. Building shading model
The parking lot is represented as a 30 m × 20 m horizontal polygon. 

The adjacent building is represented by its measured façade width, 
height, orientation, and clear distance from the lot. At each hour, the 
upper building vertices are projected onto the pavement along the solar 
vector. The convex hull of the footprint and projected vertices defines 
the building-shadow polygon, which is clipped to the parking-lot 
boundary. 

S =
H

tan(alt) (5) 

This vector projection retains the effects of solar altitude, solar azi
muth, façade orientation, edge clipping, and finite building width. 

P = max(S⋅cos θaz − Dclear,0) (6) 

The hourly building-shaded fraction is the area of the clipped 
shadow polygon divided by the parking-lot area. 

fbldg = min
(

P
Ldepth

, 1
)

(7) 

2.3.3. Vehicle shading model
The parking lot contains 20 parking spaces. Representative vehicle 

Fig. 2. (a) Satellite view of the building and parking lot; (b) on-site view of the 
parking lot (source: Google Maps).

Table 1 
Main design parameters of the system.

Parameter Value Unit Description

ASC area 600 m2 Parking lot area
Pipe spacing 0.20 m Centre-to-centre
Pipe inner/outer 

diameter
20/24 mm PEX pipe

Pipe burial depth 50 mm Below pavement surface
Flow rate 

(Method A)
0.05 kg s− 1 

module− 1
Fixed-flow control

Flow rate range 
(Methods B/C)

0.008–0.100 kg s− 1 

module− 1
Variable-flow control

Buffer tank 
volume

5000 L Low-temperature buffer

Upper tank 
temperature 
limit

40 ◦C Storage-control limit; 
heat-pump source limited 
to 30 ◦C

DHW supply 
temperature

50 ◦C Condenser-side outlet

Heat-pump 
performance 
model

Daikin 
EWSAH06D9W

— Six EN 14511 nodes; − 10 
to 30 ◦C source operating 
envelope

Asphalt thermal 
conductivity

1.0 W m− 1 K− 1 Dense asphalt concrete

Pavement albedo 0.10 — Black asphalt surface
Pavement 

emissivity
0.95 — Long-wave emissivity
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dimensions were set to 1.5 m in height, 4.5 m in length, and 1.8 m in 
width, consistent with average dimensions of the European M1 pas
senger vehicle category reported by the European Automobile Manu
facturers’ Association (ACEA) [32]. The parking occupancy rate was 
assumed to be 70% during supermarket business hours (08:00–20:00 
local time) and 10% during the remaining hours, based on typical 
commercial parking utilisation rates reported in the ITE Parking Gener
ation Manual [33].

Each occupied space is represented as an oriented 4.5 m × 1.8 m ×
1.5 m rectangular prism. For each sun position, the four roof vertices are 
projected onto the pavement; the convex hull of the vehicle footprint 
and its projected roof forms the shadow polygon. All vehicle polygons 
are clipped to the lot and combined by geometric union, so overlap is 
counted once. The union is then combined with the building shadow 
before the shaded fraction is evaluated. 

Acar = lcar⋅hcar tan(alt)⋅cos θaz (8) 

fcar = min
(

Nocc ⋅ Acar

Atotal
, 1

)

(9) 

Vehicle occupancy is imposed hourly using the stated business-hour 
schedule. The polygon algorithm was checked against the closed-form 
isolated-prism projection and independently against a ray–box inter
section mask. The maximum isolated-area error was 0.283%; the poly
gon and ray-casting masks agreed at the validation-grid resolution 
(maximum shaded-fraction error 0 and intersection-over-union 1.0).

2.3.4. Effective irradiance
Effective pavement irradiance is calculated from the incident short

wave irradiance multiplied by one minus the area fraction of the com
bined building–vehicle shadow union. 

Geff = Gsw⋅
(

1 − fbldg

)
⋅(1 − fcar) (10) 

Fig. 3. Ten-year meteorological data for Kaunas (2015–2024): (a) monthly air temperature range, (b) monthly global horizontal irradiance, (c) monthly mean 
wind speed.
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2.4. ASC heat transfer model

2.4.1. Series thermal resistance
The heat transfer path in the ASC can be simplified as pavement 

absorption, heat conduction through asphalt, heat conduction through 
the pipe wall, internal convection inside the pipe, and heat transfer to 
the circulating fluid. These three thermal resistances (K m W− 1) were 
calculated per unit pipe length.

The conductive thermal resistance through the asphalt layer was 
calculated using the buried-cylinder shape factor model [34]. With outer 
pipe radius ro = 0.012 m and burial depth zp = 0.05 m: 

Rcond =

ln
(

2
zp

ro

)

(
2π⋅kasph

)
(11) 

The pipe wall conductive resistance for the PEX pipe was calculated 
as: 

Rwall =

ln
(

ro

ri

)

(
2π⋅kpipe

)
(12) 

where kpipe = 4 5W m− 1 K− 1.
The internal convective resistance was determined from the 

convective heat hi, which was calculated using the Gnielinski correlation 
for Re ≥ 2300. 

Nu =

(
f
8

)

⋅(Re − 1000)Pr
[

1 + 12.7
̅̅̅
f
8

√

⋅
(
Pr

2
3 − 1

)
] (13) 

where f is the Petukhov friction factor, and is the Prandtl number of 
water at 20 ◦C. 

Geff = Gsw⋅
(

1 − fbldg

)
⋅(1 − fcar) (14) 

Rconv =
1

(2π⋅ri⋅hi)
(15) 

The total thermal resistance and the overall heat transfer coefficient 
of one module, UAmod, W K− 1 are given by: 

hi = Nu⋅
kf

Di
(16) 

Rtotal = Rcond + Rwall + Rconv (17) 

UAmod =
Lpipe

Rtotal
(18) 

where Lpipe = Amod
spipe 

is the total pipe length per module (m), and spipe is the 
pipe spacing.

2.4.2. Heat transfer effectiveness
From heat exchanger theory, the ε-NTU method covers a range of 

heat capacity ratio configurations. When one side has an effectively 
infinite thermal capacity, i.e. Cr = Cmin

Cmax
→0, the heat transfer effectiveness 

reduces to Ref. [35]. Details can be found in Appendix A1.

2.5. Pavement surface temperature model

The pavement surface temperature is a key driving variable for ASC 
heat collection. In this study, the Hottel–Whillier linearised heat balance 
equation was used to describe the steady-state energy balance of the 
pavement surface [36]. The pavement is subjected to solar gain, radia
tive heat loss, convective heat loss, and heat conduction to the 

circulating fluid through the embedded pipes. Details are provided in 
Appendix A2.

In the present model, summer peak pavement temperatures range 
from 38 to 48 ◦C for air temperatures of 25–33 ◦C, while winter mini
mum pavement temperatures are approximately − 20 ◦C at air temper
atures of − 26 ◦C (Fig. 4a). The scatter plot of daytime Tsurf versus Tair 
(Fig. 4b) also confirms the expected nonlinear relationship driven by 
solar radiation. Overall, these values are consistent with the reported 
Lithuanian field measurements within the expected uncertainty range of 
energy-balance pavement temperature models (±3 ◦C according to 
Solaimanian and Kennedy [37]).

2.6. Cold water temperature model

The cold water temperature is one of the key parameters affecting 
heat pump performance. This study adopted the linear empirical model 
proposed by Morkunaite et al. [38], which expresses the cold water 
temperature Tcw (◦C) as a linear function of the 24 h moving-average 
outdoor air temperature θ(out,24h) (◦C): 

θcw = 0.2667 × θ(out,24h) + 9.3333 (19) 

where θ(out,24h) is the 24 h moving average of outdoor air temperature.
To satisfy physical constraints related to freezing protection and 

water supply conditions, the cold water temperature was limited to the 
following range: 

θcw = max(4,min(16, θcw)) (20) 

The use of a 24 h moving average rather than instantaneous air 
temperature has a clear physical basis. First, it removes diurnal fluctu
ations and reflects the daily thermal inertia of the soil around buried 
water pipes. Second, the linear slope of 0.2667, approximately equal to 
1/3.75, represents the attenuation of seasonal temperature amplitude at 
a burial depth of about 2 m, which is consistent with the analytical 
attenuation factor in the Kasuda and Achenbach model [39]. Third, the 
intercept of 9.3333 ◦C corresponds to the annual mean underground 
temperature in Kaunas and agrees with measured local ground tem
peratures of about 9–10 ◦C.

2.7. Heat loss in the transport pipe

The heat collection fluid from the ASC is transported to the indoor 
buffer tank through a 25 m insulated buried pipe. The heat loss in the 
pipe was calculated according to EN ISO 15698 using a linear heat 
transfer coefficient representative of a DN25 pre-insulated pipe: 

Qpipe = U⋅L⋅max
(
Tfluid − Tground,0

)
(21) 

where Tfluid is the average fluid temperature (◦C).
The pipe heat loss was capped at 30% of the ASC heat output as a 

physical upper bound, and it was counted only when the pump was 
operating Qasc > 0. Under typical conditions, pipe heat loss accounted 
for 2–8% of ASC heat output and had only a minor effect on the annual 
energy balance.

2.8. Manufacturer-based water-source heat-pump model

2.8.1. Performance-map interpolation and operating constraints
Heat-pump capacity and compressor electricity were calculated from 

the manufacturer performance map for the Daikin Altherma 3 WS 
EWSAH06D9W, selected because its nominal capacity is consistent with 
the simulated DHW load (mean 3.48 kW; maximum 6.85 kW).

The EN 14511:2018 catalogue provides heating capacity and electric 
input at the six source/load test points W10/W35, W10/W55, W20/ 
W35, W20/W55, W25/W35, and W25/W55. Capacity and input are 
bilinearly interpolated at the hourly source temperature and a 50 ◦C 
load-side leaving-water temperature.
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Bilinear interpolation is used within the measured 10–25 ◦C source 
and 35–55 ◦C load-temperature rectangle. Outside the measured source 
range, adjacent edge trends are extended only within the published − 10 
to 30 ◦C source-water operating envelope. The load temperature is not 
extended beyond the measured range. A boundary-clamped case is re
ported as a conservative check.

The published modulation range is 0.85–7.98 kW. The hourly 
calculation is limited to the more conservative interpolated nominal 
capacity; unmet load is supplied by electric backup heat with COP = 1. 
Below the minimum modulation capacity, cycling degradation is eval
uated using the default coefficient Cdh = 0.9. Source- and load-loop 
hydraulic auxiliaries, a 10 W standby demand, and ASC circulation- 

Fig. 4. Pavement surface temperature model validation. (a) Monthly pavement surface temperature (min–mean–max band) with the Žiliūtė et al. summer field range 
(40–45 ◦C); (b) daytime Tsurf vs Tair coloured by effective irradiance; (c) solar-driven temperature rise (Tsurf − Tair) vs irradiance; (d) annual distribution of Tsurf.

Fig. 5. Manufacturer performance data and bounded bilinear interpolation for the Daikin EWSAH06D9W at 35–55 ◦C load-side leaving-water temperature.
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pump electricity are included explicitly.

2.8.2. SCOP and system SPF definitions
Heat-pump seasonal coefficient of performance (SCOP) is defined as 

annual DHW heat delivered divided by annual heat-pump electricity, 
including compressor, internal hydraulic auxiliaries, standby demand, 
and backup heat. System seasonal performance factor (SPFsys) uses the 
same delivered heat but additionally includes ASC circulation-pump 
electricity in the denominator. These energy-weighted ratios are used 
throughout the analysis instead of an arithmetic mean of hourly COP.

At the six manufacturer nodes, the interpolation reproduces capacity 
and input exactly. A leave-one-source-level check at 20 ◦C gave capacity 
and input RMSE values of 0.228 kW and 0.026 kW, respectively. The 
resulting seasonal indicators are therefore calculated from an auditable 
manufacturer map rather than a fitted Carnot-efficiency curve. The 
manufacturer performance data and the bounded bilinear interpolation 
are shown in Fig. 5.

The baseline and ASC-assisted cases use the same heat-pump model, 
DHW load, 50 ◦C delivery temperature, and auxiliary assumptions. They 
differ only in the incremental ASC subsystem: collector pipes, transport 
loop, low-temperature buffer tank, circulation pump, and controls. 

ηHP(ΔT) = ηHP,ref ⋅[1 − 0.003⋅max(ΔT − 25,0)] (24) 

2.9. Low-temperature buffer tank model

The 5000 L tank is an incremental ASC-specific low-temperature 
source reservoir. A fully mixed hourly energy balance is used, with the 
tank temperature bounded below by the cold-water temperature and 
above by 40 ◦C [40]. The heat-pump performance used for performance 
calculations is limited to 30 ◦C; above the measured 25 ◦C 
source-temperature boundary, the adjacent edge trends are extended 
only within he manufacturer-published operating envelope. 

MCp
dTtank

dt
= Qnet,ASC − Qextracted,HP − Qstand (25) 

Tank stratification is not credited in the base case. Its possible effect 
is treated as model-form uncertainty rather than asserted to make the 
base estimate conservative [41].

2.10. Heat collection control strategies

To evaluate the influence of control strategy on heat collection and 
net electricity savings, three pump control methods were designed and 
compared. Table 2 shows a comparison of the three methods; details can 
be found in Appendix A3.

The circulation-pump electricity is modelled explicitly. The pressure 
rise across one module, Δp, is the sum of Darcy–Weisbach pipe friction 

and a fixed minor/static allowance, Δp = f⋅(Lpipe/Di)⋅½⋅ρ⋅v2 + 40 kPa, 
with the friction factor f from the Blasius relation; the pump electrical 
power serving n modules is then Ppump = (ṁ⋅n⋅Δp)/(ρ⋅ηpump⋅ηmotor⋅ηVFD), 
where ηpump = 0.60–0.80 (rising with flow), ηmotor = 0.90 and ηVFD =

0.95 (ηVFD = 1 for the fixed-flow Method A, which needs no drive). 
Because v ∝ ṁ and Δpfriction ∝ v2, pump power rises steeply (approxi
mately cubically) with flow, which is the physical origin of the net 
penalty of variable-flow control reported in Section 3.2. A per-method 
hydraulic breakdown (mean/peak flow, Reynolds regime, efficiencies 
and annual pump energy) is given in the Supplementary Material.

2.11. Sensitivity analysis

Sensitivity analyses were organised by evidence type. Scenario and 
uncertain inputs included daytime vehicle occupancy (30–90%), heat- 
pump map treatment, ASC pump selection (150–280 W), and a ±5% 
pavement-model heat-output discrepancy. Controllable design variables 
comprised ASC area (300–900 m2) and buffer-tank volume (2.5–10 m3). 
All cases used ten-year meteorology, and the baseline values and tested 
ranges are summarised Table 3.

3. Results and discussion

All results use the measured B92 DHW service of 30.5 MWh yr− 1, ten- 
year Kaunas meteorology, and polygon-union shading. The 70% day
time vehicle-occupancy reference reduces annual incident irradiance by 
35.4%; occupancy scenarios from 30% to 90% are reported separately.

3.1. Model validation

The DHW demand used in the simulation was derived from measured 
data collected at the district heating substation of the B92 building over 
the period from May 2018 to September 2021, comprising approxi
mately 27,700 hourly records. The measured data included supply 
temperature (TIN), return temperature (TOUT), flow rate, and thermal 
power. The mean hourly thermal power was 3.48 kWh, corresponding to 
an annual DHW demand of approximately 30,500 kWh yr− 1. The 
measured monthly and hourly demand profiles were used as normalised 
temporal shapes and scaled to this annual total, thereby preserving the 
realistic temporal characteristics of the building while extending the 
demand series to the full ten-year simulation period. The measured 
DHW profile is presented in the Supplementary Material (Section S5).

The model comprises two coupled sub-models: the Hottel–Whillier 
linearised surface energy balance for pavement surface temperature 
Tsurf , and the ε–NTU effectiveness formulation for pipe-fluid heat ex
change. Validation proceeds in two steps.

First, analytical self-consistency is verified by substituting the base
line and sensitivity-analysis operating points into ε = 1 − exp(− NTU)

and confirming that the implementation returns zero numerical devia
tion from the closed-form solution.

Second, quantitative cross-validation is performed by applying the 
ASC collector sub-model to three published field installations, which is 
shown in Section 3.8.

Table 2 
Comparison of the three control strategies.

Feature Method A Method B Method C

Flow rate Constant 
0.05 kg s− 1

Dynamically 
optimized

Constrained 
optimisation

Objective N/A Maximise gross 
collected heat Q 
(pump power not 
penalised)

Maximise net benefit J 
= Q − COP⋅Ppump, with 
m ≥ 0.02 kg s− 1 floor

Minimum 
irradiance 
threshold

50 W m− 2 50 W m− 2 20 W m− 2

Mode 2 
(bypass)

No Yes Yes

Additional 
hardware 
cost

Baseline 
(lowest)

Variable-speed pump 
+ controller

Variable-speed pump 
+ controller + three- 
way valve

Intended 
application

Reference 
case

Naïve maximum- 
harvest benchmark

Net-aware (electricity- 
saving) optimisation

Table 3 
Scenario, uncertainty, and design-variable settings.

Parameter Baseline 
value

Range Physical meaning

Daytime vehicle 
occupancy

70% 30–90% Scenario-based 
uncertain input

Heat-pump map 
treatment

Full 
envelope

Measured bound/ 
upper/full envelope

Performance-map 
treatment

ASC pump input 172 W 150–280 W Equipment and 
hydraulic sensitivity

ASC area/tank 
volume

600 m2/5 
m3

300–900 m2/2.5–10 
m3

Controllable design 
variables
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The framework was evaluated at component level. The pavement 
surface-temperature calculation remained within ±3 ◦C of published 
Lithuanian observations. The heat-pump interpolation reproduced all 
six manufacturer nodes exactly; leave-one-source-level capacity and 
input RMSE values were 0.228 and 0.026 kW. Polygon shadows were 
verified analytically and by independent ray–box intersection. These 
checks do not constitute experimental validation of the integrated 
system.

Cross-validation results are summarised inFig. 6. For the Johnsson 
[42] site (s = 50 mm, Tin ≈ 8 ◦C), the model predicts 249 kWh m− 2 yr− 1 

against a measured 245 kWh m− 2 yr− 1 (+1.7%). For the Buscemi [43] 
site (s = 200 mm, conductive concrete), the prediction is 358 kWh m− 2 

yr− 1 against a FEM-validated 320 kWh m− 2 yr− 1 (+12%); the 
over-prediction is attributed to the Jurges correlation overestimating hcv 
under high-insolation Mediterranean conditions, consistent with the 4% 
MAPE reported for the Buscemi FEM under comparable boundary con
ditions. For the Ghalandari [44] site (s = 150 mm, Tin = 14 ◦C) no annual 
yield is reported; instead, the model's supply-temperature sensitivity is 
illustrated in Fig. 6b, which shows the modelled daily collector effi
ciency falling steeply as the inlet temperature rises from 8 to 20 ◦C.

The integrated system delivers 25.06 kWh m− 2 yr− 1 using the 
polygon-union shading calculation. The warm buffer return and differ
ential control restrict collection to hours that can improve the heat- 
pump source condition.

The supply-temperature mechanism is independently corroborated 
by Ghalandari et al. [44], who showed experimentally that raising Tin 
from 14 ◦C to 28 ◦C reduced heat extraction by a factor of seven — 
directly confirming the Tsurf − Tin sensitivity inherent in the ε–NTU 
formulation. The pipe-spacing sensitivity predicted analytically here (ε 
= 0.485 at 200 mm vs. 0.93 at 50 mm) is corroborated by Buscemi et al. 
[43], who independently identify spacing reduction as the 
highest-return design modification in their FEM optimisation.

The quasi-steady pavement representation was treated as model- 
form uncertainty. A ±5% heat-output multiplier was propagated 
through the tank and heat-pump calculations without changing meteo
rology, load, shading, or control logic.

The ±5% heat-output range changed annual heat yield from 24.68 to 
25.43 kWh m− 2 yr− 1 and ESR from 8.53% to 8.77% (see Fig. 7). The 
limited ESR response reflects thermal-storage feedback and the bounded 
heat-pump operating envelope.

3.2. System performance under three control strategies

Table 4 summarises the annual performance of the three control 

strategies, averaged over the ten-year simulation period.
Method A delivers 25.06 kWh m− 2 yr− 1 (15.03 MWh yr− 1) and re

duces annual system electricity from 8.52 to 7.78 MWh, corresponding 
to an ESR of 8.66%. Methods B and C increase gross collection by 4.72% 
and 4.63%, respectively, but their ESR values fall to 6.60% and 7.04% 
because the extra circulation-pump demand exceeds the marginal heat- 
pump saving, as summarised in Fig. 8.

This result indicates that greater heat collection does not necessarily 
translate into greater net system benefit. The inferior performance of 
variable-flow control arises from three factors. First, the additional heat 
is collected mainly under marginal operating conditions, such as low 
irradiance periods, where the associated COP improvement is modest. 
Second, variable-frequency drive operation introduces additional effi
ciency losses (ηVFD = 0.95). Third, pump power rises nonlinearly with 
flow rate because of hydraulic friction, approximately following a cubic 
relationship with ṁ. For the present system configuration, the additional 
complexity and investment associated with variable-flow control are 
therefore not justified.

The seasonal benefit remains concentrated from April to October. 
Manufacturer test points span 10–25 ◦C, while the published source- 
water operating range extends from − 10 to 30 ◦C. The main seasonal 
scenario extends only the adjacent edge trends within that operating 
envelope; the measured-domain boundary case is retained as a conser
vative lower bound.

During the summer week (Fig. 10a and b), the pavement surface 
temperature rises to about 50 ◦C on clear days, the buffer tank warms 
from roughly 27 ◦C to the 40 ◦C upper limit, and the ASC supplies 
substantial heat during daytime hours. The plotted week is representa
tive rather than extreme: over the full 2015–2024 record, 55% of sum
mer days peak above 40 ◦C, 32% above 45 ◦C and 8% above 50 ◦C, with 
a 99th-percentile summer daytime surface temperature of ≈51 ◦C and 
rare extremes up to 57 ◦C, so clear-day summer maxima typically fall 
within a 40–52 ◦C envelope. During the winter week (Fig. 10c and d), 
the pavement surface temperature only slightly exceeds the air tem
perature and stays below the tank temperature, so ASC heat collection is 
negligible.

3.3. Winter operation and supplementary strategies

The analysis of zero-collection days (Fig. 11) highlights the seasonal 
limitation of ASC systems at high latitudes. In December and January, 
essentially all days exhibit zero heat collection from the ASC. From 
November through February, the ASC contribution is negligible, and the 
system effectively operates as a conventional heat pump. Meaningful 

Fig. 6. Cross-validation of the ASC thermal model against published field measurements. (a) Predicted versus reported annual specific heat yield for two sites with 
measured or FEM-validated annual data; dashed lines indicate ±20% deviation from the 1:1 line. (b) Modelled daily collector efficiency versus daily-mean irradiance 
for inlet temperatures of 8, 14 and 20 ◦C under Kaunas conditions, illustrating the supply-temperature sensitivity reported experimentally by Ghalandari et al.
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ASC operation occurs mainly from April to October, corresponding to an 
effective operating window of approximately seven months per year.

This winter scarcity is not a shortcoming specific to the ASC concept: 
it reflects the high-latitude solar resource itself. Any solar-driven tech
nology at this latitude—photovoltaics and roof-mounted solar-thermal 
collectors alike—delivers only a small fraction of its annual output be
tween November and February (in Kaunas these four months carry less 
than 8% of the annual GHI; Fig. 3b). The ASC is therefore deliberately 
not operated for the sake of winter production: the differential controller 
simply gates collection off, and the investment case rests on the annual 
net electricity saving, with the winter load served by the heat pump at its 
baseline COP. It is also worth noting that, in the wider ASC literature, the 
established winter use of pavement-embedded pipe networks is snow- 
and ice-melting—a road-service function using stored or auxiliary heat 
[22]—rather than heat collection; such operation is outside the scope of 
the present DHW study, but it illustrates that the same buried infra
structure can provide a complementary winter service where required.

It is important to clarify that “winter operation” does not mean that 
the system stops operating. Although the ASC provides almost no heat, 
the heat pump continues to meet the full DHW load by extracting heat 
from the buffer tank, which remains close to the cold-water supply 

Fig. 7. Propagation of a ±5% pavement-model heat-output discrepancy to (a) annual ASC heat yield and (b) ESR.

Table 4 
Annual system performance (10-year average).

Metric Baseline (no 
ASC)

Method 
A

Method 
B

Method 
C

ASC heat yield (kWh m− 2 

yr− 1)
— 25.06 26.24 26.19

ASC annual output (kWh 
yr− 1)

— 15,033 15,743 15,716

Net heat to tank (kWh 
yr− 1)

— 14,862 15,579 15,551

HP electricity (kWh yr− 1) 8515 7608 7589 7590
Pump electricity (kWh 

yr− 1)
0 170 364 325

Total electricity (kWh 
yr− 1)

8515 7778 7953 7915

Heat-pump SCOP 3.58 4.01 4.02 4.02
SCOP improvement (%) — +11.9 +12.2 +12.2
Electricity saving ratio 

(%)
— 8.66 6.60 7.04

Fig. 8. Control-strategy KPI summary: (a) heat-pump SCOP and system SPF; (b) net electricity-saving ratio. The no-ASC heat-pump SCOP is 3.58.
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temperature of approximately 4–8 ◦C. Winter therefore presents an ef
ficiency rather than a reliability problem. With a source temperature of 
about 5 ◦C and a condenser temperature of 50 ◦C, the temperature lift is 
approximately 45 K and the COP falls to its baseline value of about 3.5, 
equivalent to operation without the ASC. Consequently, the ASC is 
effectively inactive for around five months each year while the heat 
pump operates at its lowest efficiency.

Four strategies could address this ASC-free winter period. First, a 
50–100 m ground-source heat exchanger could provide a more stable 
winter heat source while using the same heat pump, although the 
additional capital cost would be substantial. Second, rooftop photovol
taic generation could offset winter electricity consumption and further 
reduce operational emissions, despite not increasing thermal collection. 
Third, seasonal thermal energy storage could transfer summer heat to 
winter, but the required volume, likely above 100 m3, would be 
impractical at the building scale considered. Fourth, reducing the DHW 
supply temperature from 50 to 45 ◦C, together with appropriate 
Legionella control, would lower the winter temperature lift from about 
45 to 40 K and increase the winter COP by roughly 10%. Unlike the other 
options, this measure requires no additional heat-source or storage 
hardware and provides benefits throughout the year.

This seasonal behaviour explains the apparent mismatch between 
the December–January DHW demand peak (Fig. S1) and the near-zero 
ASC output during the same period (Fig. 9). The ASC functions as a 
COP enhancer rather than a winter heat source. At night and throughout 
November–February, the heat pump reverts to the cold-water supply as 
its effective heat source, operates at the baseline COP, and still meets the 
complete DHW demand. No additional winter strategy is therefore 

required to ensure reliability.

3.4. Sensitivity and uncertainty analysis

The uncertainty analysis distinguishes uncertain inputs from 
controllable design variables. Parking occupancy and pavement-model 
discrepancy are treated as uncertain inputs, whereas collector area, 
tank volume, pipe spacing, and flow strategy are treated as design var
iables. Heat-pump curve uncertainty is represented by measured- 
domain and operating-envelope scenarios, and the principal sensitivity 
results are summarised in Fig. 12.

No fitted second-law-efficiency parameter is used in the 
manufacturer-based performance model. SCOP and SPF are recomputed 
directly from annual delivered heat and electricity for every sensitivity 
case. 

(1) Buffer tank volume.

At 600 m2, increasing storage from 2.5 to 10 m3 raises ESR from 
7.21% to 9.56%. The gain diminishes as storage volume increases and 
the source temperature approaches the 30 ◦C operating limit. 

(2) ASC area.

At a 5 m3 tank volume, changing ASC area from 300 to 900 m2 in
creases ESR from 7.92% to 8.65%, with a maximum of 8.69% at 750 m2. 
Across the tested 300–900 m2 and 2.5–10 m3 design grid, the highest 
ESR is 9.80% at 900 m2/10 m3. 

Fig. 9. Monthly system performance (10-year average): (a) ASC heat yield by method, (b) mean COP, (c) electricity consumption, (d) buffer tank temperature range.

L. Cong et al.                                                                                                                                                                                                                                    Energy 363 (2026) 142243 

11 



(3) Joint area–storage sensitivity.

ESR remains between 6.94% and 9.80% over the tested area–storage 
domain. Larger storage provides a stronger benefit than increasing col
lector area at fixed storage volume.

Several secondary assumptions affect the simulation results. 

(1) Cold water temperature.

Cold-water temperature is an uncertain boundary input and must be 
varied jointly in both the no-ASC and ASC-assisted cases. It is therefore 

not ranked together with controllable design variables in the scenario- 
range summary. 

(2) Transport pipe heat loss.

Transport-pipe heat loss is treated as an uncertain loss coefficient. Its 
influence is propagated with the same system boundary and annual- 
energy definitions used for the base case. 

(3) Fully mixed buffer tank.

Fig. 10. Typical operating weeks in 2020 (all curves labelled). (a) Summer-week temperatures: pavement surface (up to ~50 ◦C on clear days), buffer tank (rising to 
the 40 ◦C ceiling) and air; (b) summer-week ASC heat output and pump power; (c) winter-week temperatures (pavement only a few ◦C above air, below the tank); (d) 
winter-week ASC heat output (≈0).

Fig. 11. Seasonal distribution of zero-collection days. From November to February, more than 90% of days have no useful ASC heat output.
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Tank stratification is a model-form uncertainty. Because no 
stratified-tank model or measured temperature profile is available, the 
analysis does not add an assumed 1–3 percentage-point benefit to the 
base result.

Collector area, tank volume, pipe burial depth, pipe spacing, and 
control strategy are reported as controllable design variables. Parking 
occupancy, irradiance bias, pavement properties, demand, and model- 
form discrepancy are reported separately as uncertain inputs.

Heat-pump uncertainty is represented by alternative map-boundary 
treatments because the manufacturer-map model contains no fitted 

second-law-efficiency parameter. The separate effects of building and 
vehicle shading on annual ASC heat yield and ESR are shown in Fig. 13.

Annual Method A ESR ranges from 7.41% to 9.73% over 2015–2024, 
with a mean of 8.66% and a sample standard deviation of 0.72 per
centage points. Annual heat yield ranges from 21.80 to 26.32 kWh m− 2 

yr− 1 (see Fig. 14).
Uncertainty is reported through transparent scenario ranges because 

probability distributions are not available for site occupancy or pave
ment model discrepancy. Manufacturer-map treatments and uncertain 
inputs are kept separate from controllable design variables.

Fig. 12. Sensitivity analysis: (a) heat-pump map treatment, (b) daytime vehicle occupancy, (c) ASC pump input, and (d) buffer-tank volume at three ASC areas.

Fig. 13. Attribution of (a) annual ASC heat yield and (b) ESR to building and vehicle shading. Vehicle occupancy is 70% during business hours in the refer
ence scenario.
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Because reliable probability distributions were unavailable for 
several uncertain inputs, uncertainty was evaluated using scenario- 
based ranges rather than Monte Carlo simulation. The resulting ESR 
ranges were 7.90–10.01% for vehicle occupancy, 6.85–8.73% for heat- 
pump map treatment, and 7.39–8.91% for pump selection. The result
ing ranges for uncertain inputs and controllable design variables are 
summarised in Fig. 15.

3.5. Design optimisation

Across the 300–900 m2 area and 2.5–10 m3 storage grid, ESR ranges 
from 6.94% to 9.80%, as shown in Fig. 16. At 5 m3, increasing area 
beyond 750 m2 does not improve ESR because additional collection 
increasingly coincides with the upper boundary of the measured heat- 
pump map.

The grid is interpreted as a bounded design sensitivity. Midpoint 
capital costs scale the collector installation with area and the ASC- 
specific tank with storage volume.

Within the tested domain, the largest ESR is 9.80% at 900 m2/10 m3, 
compared with 8.66% for the 600 m2/5 m3 reference design. The small 
absolute gain does not support increasing collector area solely to reduce 
heat-pump electricity.

Fig. 14. Interannual variability (2015–2024): annual ASC heat yield and annual electricity-saving ratio. The coefficient of variation of ESR is 8.35%.

Fig. 15. ESR ranges obtained by varying (a) scenario-based uncertain inputs and (b) controllable design variables. The dashed line indicates the reference-case ESR 
of 8.66%.

Fig. 16. Ten-year mean ESR for Method A over the ASC-area × buffer-volume 
grid. The star marks the 600 m2/5 m3 reference and the red outline marks the 
highest ESR.
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Because all tested configurations remain economically unfavourable 
on electricity savings alone, the ESR-cost trade-off shown in Fig. 17 does 
not identify a cost-performance knee as an economically optimal design.

3.6. Economic assessment

The economic performance of the ASC–HP system was evaluated 
using traceable cost data from published sources and official statistics. 

(1) Electricity price.

The Lithuanian household electricity price was €0.23 kWh− 1 in the 
second half of 2024 [45]. A similar residential price including taxes, 
€0.239 kWh− 1, was reported for September 2025 [46]. A reference value 
of €0.23 kWh− 1 was therefore adopted. 

(2) ASC installation cost.

The marginal cost of embedding pipes in asphalt pavement varies 
widely with project type and local construction conditions. Reported 
values range from approximately €23 m− 2 for the piping addition alone 
in new construction [47] to about €115 m− 2 for adding solar collection 
during road resurfacing [48]. To reflect uncertainty between new-build 
and retrofit scenarios, a range of €25–80 m− 2 was adopted for ASC pipe 
installation. 

(3) Heat pump cost.

Water-to-water heat pumps in the 10–30 kW range typically cost 
€12,000–18,000 for the unit, plus €2000–3000 for installation [49]. 
Because the heat pump is required in the baseline system regardless of 
ASC integration, only the incremental cost of ASC-related components is 
considered here.

Table 5 summarises the estimated incremental investment associated 
with the ASC upgrade relative to a baseline heat pump system.

Under Method A, annual electricity use falls from 8515 to 7778 kWh 
yr− 1, a saving of approximately 737 kWh yr− 1. At €0.23 kWh− 1, the 
annual monetary saving is approximately €170 yr− 1. The corresponding 
simple payback is approximately 128–366 years for the €21,750–62,000 
incremental-cost range (see Fig. 18).

Even the lower-bound payback is far longer than the assumed 25- 
year service life. The ASC upgrade is therefore not viable on electricity 
savings alone under the stated prices and requires a separately demon
strated non-energy value proposition.

The levelised cost of saved electricity (LCOSE) can be estimated as: 

LCOSE =
Total investment

Annual electricity saving × System lifetime
(26) 

Without discounting, dividing incremental cost by 25 years of elec
tricity savings gives an LCOSE of approximately €1.18–3.36 kWh− 1, well 
above the adopted retail electricity price. Discounting would increase 
these values further.

The area–storage sensitivity does not overturn this finding: 
increasing tank volume from 5 to 10 m3 raises ESR by less than one 
percentage point at 600 m2. The 600 m2/5 m3 case is therefore retained 
as the site-constrained reference, not claimed as an economic optimum.

3.7. Life-cycle carbon assessment

At a grid intensity of 0.16 kg CO2 kWh− 1, operational emissions are 
1.362 t CO2 yr− 1 for the no-ASC heat-pump baseline and 1.245 t CO2 
yr− 1 for Method A. The incremental ASC therefore avoids approximately 
0.118 t CO2 yr− 1, or 8.66%, relative to the consistent heat-pump base
line. The much larger reduction relative to CHP district heating is pri
marily attributable to heat-pump electrification and is not assigned to 
the ASC subsystem.

The functional service is 1 MWh of DHW delivered at 50 ◦C. The 
incremental system boundary contains the ASC pipework, transport 
loop, circulation pump and controls, working fluid, and the ASC-specific 
5 m3 low-temperature buffer tank.

The existing OpenLCA inventory quantifies only the collector-loop 
portion of this incremental boundary and reports 272 kg CO2-eq m− 2, 
or approximately 163 t CO2-eq for 600 m2. Because the buffer tank was 
omitted from that inventory, the value is retained only as a lower-bound 
screening burden and is not presented as a complete comparative LCA 
result. The resulting partial cradle-to-use inventory for the collector loop 

Fig. 17. ESR versus midpoint incremental capital cost for the area–storage grid. 
The Pareto front, 600 m2/5 m3 reference, and highest-ESR design are identified.

Table 5 
Estimated incremental investment cost of the ASC upgrade relative to a baseline 
heat pump system.

Cost component Low 
estimate

High 
estimate

Unit Source

ASC pipe installation (600 
m2)

15,000 48,000 € €25–80 m− 2

Buffer tank (5 m3, insulated) 4000 8000 € Market 
survey

Transport piping (25 m, pre- 
insulated)

1250 2500 € EN ISO 
15698

Circulation pump + controls 1500 3500 € Market 
survey

Total incremental 
investment

21,750 62,000 € ​

Fig. 18. Simple payback as a function of incremental investment using the 
annual electricity saving of 737 kWh yr− 1 and an electricity price of €0.23 
kWh− 1. The dashed line denotes the assumed 25-year service life.
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is summarised in Table 6.
Purchasing power parity (PPP) was used to transfer the UK baseline 

([50]) cost data to the target context. Unlike a market exchange rate, a 
PPP conversion factor acts as a spatial price deflator, controlling for 
differences in the domestic purchasing power of currencies across 
economies. The UK-derived material, transport and labour costs were 
therefore adjusted by multiplying each baseline value by the ratio of the 
target-economy PPP factor to the UK factor, using World Bank Inter
national Comparison Program data for the same reference year [51].

The lower-bound collector-loop burden of approximately 163 t CO2- 
eq already exceeds the 25-year incremental operational saving of 
approximately 2.95 t CO2 under the current grid. Accordingly, no carbon 
payback occurs within the assumed service life. Grid decarbonisation 
further reduces the avoided operational emissions per kilowatt-hour.

3.8. Comparison with previous studies and alternative systems

The simulated specific yield is 25.06 kWh m− 2 yr− 1, below dedicated 
direct-heating ASC installations because this system operates against a 
seasonally warm buffer-tank return and is additionally constrained by 
building and vehicle shading. Heat-pump SCOP increases from 3.58 to 
4.01, while system SPF is 3.92 after ASC pumping is included.

Table 7 compares systems supplying the same 30.5 MWh yr− 1 DHW 
service. The comparison separates the performance of the complete 
heat-pump system from the incremental contribution of the ASC and 
should not be interpreted as attributing the full heat-pump advantage to 
ASC.

The ASC-assisted system has an SPF of 3.92 and uses 7.78 MWh yr− 1, 
compared with 8.52 MWh yr− 1 for the same heat pump without ASC. 
The principal advantage of the ASC-assisted system is that it uses 
existing pavement area without competing for rooftop space. However, 
under the assumptions adopted in this study, the additional energy 
savings and the associated economic and carbon benefits provided by 
the ASC subsystem are limited.

3.9. Design guidelines, transferability and limitations

Based on the present simulations and sensitivity analyses, the 
following preliminary design indications apply to systems with compa
rable DHW demand, pavement geometry, and high-latitude operating 
conditions.

First, an ASC area of approximately 20–40 m2 per 1000 kWh yr− 1 of 
DHW demand appears to provide a reasonable balance between per
formance and cost-effectiveness.

Second, a buffer tank volume of 8–15 L per m2 of ASC area is rec
ommended. Below 5 L m− 2, the tank tends to saturate frequently and 
reject potentially useful heat, whereas above 20 L m− 2 the incremental 
benefit becomes negligible.

Third, fixed-flow control with differential-temperature on/off 
switching is recommended for systems with ASC areas below 1000 m2. 
For this scale, the added cost and complexity of variable-flow control are 
not justified by the marginal, or even negative, improvement in ESR.

Fourth, the baseline pipe burial depth of 50 mm provides a reason
able compromise between thermal performance and structural protec
tion. Deeper installation, in the range of 80–100 mm, increases thermal 
resistance by approximately 30–50% but may improve long-term 
durability.

Finally, at 55◦N, meaningful ASC operation is limited to approxi
mately April through October. System design and economic evaluation 
should therefore be based on an effective seven-month operation period 
rather than a full-year solar contribution.

These recommendations are derived from a single case study and 
should be further validated for other sites, building types, and climatic 
conditions.

The following limitations bound the results. First, the heat-pump 
map contains six manufacturer test points. Edge trends are extended 
only within the published − 10 to 30 ◦C source-water operating range, 
and the measured-domain boundary case is reported separately. Second, 
the quasi-steady pavement and fully mixed tank representations intro
duce model-form uncertainty that is not equivalent to experimental 
validation. Third, parking occupancy is scenario-based rather than 
measured on site, although the full polygon-shadow sensitivity is re
ported. Fourth, the integrated ASC–heat-pump system has not been 
experimentally validated. Finally, the incremental economic and life- 
cycle boundaries include the ASC-specific low-temperature tank 
consistently.

4. Conclusion

This study evaluated seasonal source-side preheating from an asphalt 
solar collector coupled to a water-source heat pump for DHW in Kaunas, 
Lithuania (54.9◦N). The ten-year hourly simulation uses polygon-union 
shading, flow-regime-specific hydraulics, and a capacity-matched 
manufacturer heat-pump map. The main conclusions are:

Under fixed-flow control, the 600 m2 ASC delivers 25.06 kWh m− 2 

yr− 1. It increases heat-pump SCOP from 3.58 to 4.01; after ASC pumping 
is included, system SPF is 3.92 and net ESR is 8.66%. These figures 
describe seasonal source-side preheating, not year-round source 
replacement.

Variable-flow control increases gross collection by approximately 
4.6–4.7% but lowers ESR to 6.60–7.04%. Fixed-flow control therefore 
remains preferable for the studied configuration.

Within the tested design domain, increasing tank volume provides 
more benefit than increasing collector area. The maximum ESR is 9.80% 
at 900 m2/10 m3; the original 600 m2/5 m3 design provides 8.66%, 
while occupancy scenarios span 7.90–10.01%.

Overlapping shadows, limited solar access during winter, hydraulic 
auxiliaries, and the constrained heat-pump operating range significantly 
limit the potential system benefits. Given Kaunas's specific climatic, 
spatial, and economic factors, the ASC subsystem probably is unlikely to 
support large-scale use if its primary justification is solely based on DHW 

Table 6 
Partial cradle-to-use inventory for the collector loop. The table is a lower-bound 
screening result because the incremental ASC-specific buffer tank is not 
represented.

Life-cycle 
stage (EN 
15804)

Flow Reference 
quantity (1 m2 

collector)

Unit cost, 
subarctic 
supply chain (€ 
m− 2)

A1–A3 
Production

Bitumen binder 5.6 kg 4.32

A1–A3 
Production

PEX pipe (Ø24 mm, 0.20 m 
spacing → 5.0 m m− 2)

5.0 m 22.44

A1–A3 
Production

Ethylene glycol (working 
fluid)

0.21 kg 0.12

A1–A3 
Production

Deionised water 0.50 kg 0.10

A4 Transport Freight transport of 
materials

3.25 t km 0.23

A5 
Installation

Construction diesel 0.17 L 0.29

A5 
Installation

On-site labour 0.20 h 7.83

B6 Use (25 yr) Circulation-pump electricity 7.09 kWh 1.63
Total Unit cost — 36.96
Impact results 

(cradle-to- 
use)

GWP 272 kg CO2-eq m− 2; AP 
1.57 kg SO2-eq m− 2

— —

Excluded ASC-specific buffer tank not 
represented; pavement 
reconstruction, routine 
maintenance, end-of-life 
modules C1–C4 and D

— —
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electricity savings or reducing operational carbon emissions.
Future applications should target locations with high annual solar 

irradiance, little shading from structures and vehicles, and extensive 
open pavement areas. The concept becomes more attractive when col
lector pipes can be installed cost-effectively during new pavement 
construction or resurfacing, or when additional benefits like pavement 
cooling or seasonal heat storage are demonstrated. These findings pri
marily define the deployment limits of ASC-assisted heat pumps in high- 
latitude urban environments rather than prescribe exact 
implementation.
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