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Abstract

To decarbonize residential building stocks, on-site
photovoltaic generation is a widespread solution. A
consequent issue is the simultaneity of the generation and
the load of the households. With the help of dynamic
building energy performance simulation in TRNSYS this
work focused on the load matching indicators of net zero
energy buildings with different technical building systems
and three building types. Results revealed that higher
shares of domestic hot water production in the electricity
demand as well as higher amounts of cooling need can
improve the indicators. Nevertheless, it must be noted that
the mutual presence of these increased loads can also
worsen the results. Yet, air-to-air heat pump systems with
electric water heater consistently outperformed air-to-
water heat pump systems.
Highlights
e PV systems shall be sized to serve around 20-50% of
annual electricity consumption to reduce grid
interactions.
e Air-to-air heat pumps with electric boilers outperform
air-to-water heat pumps for load-matching indicators.
e Annual yield of photovoltaics suggests an easier
estimation of load-matching indicators than their
orientation
o Net zero energy PV sizing increases grid interaction
by 45% compared to no PV.
o Net zero buildings only produce 16% of their energy
streams directly to themselves.

Introduction

Transition of the residential building stock to nearly zero
energy buildings (nZEB) is a core topic for the European
legislation in achieving goals regarding reducing energy
consumption, carbon emission and dependence on
imported energy (D’Agostino et al. 2021). Requirements
of the nZEB level vary by nation, but it is a common
practice that these buildings involve photovoltaics (PV)
for generating electricity and the installation of heat
pumps for tempering the building or even for domestic hot
water (DHW) generation. This is also especially valid for
Net Zero Energy Buildings (NZEBSs), when on an annual
base, renewable energy production is equal to the
consumption of a specific building.

Electrification and prosumerism bring up new difficulties
— estimating the loads are challenging for the grid

operators. To ease the case, an upcoming trend is to
enhance the use of generated PV power locally. This can
be tracked through the change of feed in system (yearly
net metering is transforming to monthly or higher
resolution metering systems). Scientific research aims to
investigate the problem via the so-called load-matching
indicators (LMIs), which quantify the synchrony of power
generation and consumption using different metrics.

Scientific research predominantly uses, self-consumption
(SC) and self-sufficiency (SC) for the evaluation of this
intermittence problem, when approaching from energy
point of view. Numerous authors aim to investigate the
effect of building insulation or thermal inertia level
(Pinamonti, Prada, and Baggio 2020; Franzoi et al. 2021),
heating, ventilation and air conditioning system type and
layout (Cillari, Franco, and Fantozzi 2021; Pinamonti and
Baggio 2020; Heinz and Rieberer 2021) on these metrics.
Others focus on the effect of different climates (Franzoi
et al. 2021; Pinamonti, Prada, and Baggio 2020) or reveal
the issue of sizing the PV with its influence on the SC and
SS metrics (Gjorgievski et al. 2020; Cillari, Franco, and
Fantozzi 2021).

Based on literature research, investigating the effect of PV
orientation, different kinds of air-source heat pump
systems and the effect of building geometry is less
common. This research aims to investigate the effect of
such parameters on SC and SS indicators as well as to
extend the observations to self-production (SP) and grid-
liability (GL) metrics, introduced in our previous
research. GL and SP have an additional benefit that they
can suggest the optimal PV capacities to maximize on-site
energy utilization and minimize grid necessity (Gergely,
Csoknyai, and Horvath 2022).

Abbreviation Meaning

ASHP air-source (air-to-air) heat pump
AWHP air-to-water heat pump

COP Coefficient of performance
DHW domestic hot water

GL grid-liability

GTDR generation to demand ratio

LMI load-matching indicator

nZEB nearly zero energy building
NZEB net zero energy building




PV photovoltaic

SC self-consumption
SP self-production
SS self-sufficiency

Methods to assess the effect of the different parameters
on the load matching indicators, dynamic building energy
performance simulation case studies have been elaborated
using theTRNSYSv18 software (Klein and S.A 2018).
Building types

In the current research three types of buildings were
modeled, two selected from the Hungarian residential
building typology (referenced as Type 2 and Type4)
developed in a previous project using the synthetical
average building method, which was also used for the
National Building Energy Strategy (EMI 2015; KEOP
2015). These two types are very widely built all over the
country and in the neighboring countries as well. The
third one was proposed with the geometry of a possible
reconstruction of the common “Kadar-cubes”(Type 38)
(Csoknyai et al. 2022). As the scope of the study is to
reveal the energy consumption patterns and utilization of
NZEBs, the first step is the retrofit of the building
envelope. The thermal transmittance characteristics were
set to meet the national standard for retrofits, namely,
0.17 W/m?K for the attic slab, 0.24 W/m?K for the
external walls, 1.12 W/m?K for the glazed surfaces.

(COP) of 3.46 and 2.27 respectively, at 2°C ambient
temperature and part load ratio of 100%.

The second system builds up from an air-to-air heat pump
(ASHP) for heating and cooling, and an electric water
heater for domestic hot water generation. With a
normalized air flow rate of 1, outdoor air dry bulb
temperature of 0 °C, internal air temperature of 20 °C, the
COP is 2.80 of the simulated models. Heat pumps have
been sized to cover the loads of the buildings at the
highest demands of the used Typical Meteorological Year
weather profile (TRNSYS database from Meteonorm) for
Budapest-Lorinc. Performance maps for both TRNSYS
components (Table 2) have been used by the sample
catalog data (Klein and S.A 2018).

Regarding DHW consumption, a European Standard
profile was taken into account matched with a national
average 126 I/household  consumption  (European
Committee for Standardization-CEN 2012; Vamos and
Horvath, n.d.).

For PV generation, three orientations — west, south and
east facing — and three inclination angle — 15, 35 and 60°
were simulated for 1 kWp capacity. Capacities until 9
kWp with a step of 1kWp were obtained from the
simulations of 1 kWp modules.

Table 2 sums up the components and the specifications
used in the simulations.

Table 2: TRNSYSv18 components used in the simulation.

Envelope size characteristics are detailed in Table 1. Element CIEN;:;it Description
Table 1: Modelled buildings’ geometry characteristics. House model Tyge 56 Surfaces accordingly to
Building Type 2 Type 4 Type 38 the house type.
type AWHP Type 525b_v2 Variable speed
Heated floor 77.2 100.3 98.2 compressor heat pumps.
area [m?] ASHP Type 786_v2a Parameters sized to the
Heated 208.5 320.5 283.0 heat demand of the house.
volume [m?] Domestic hot Type 156 Storage tank with
External 93.0 102.8 141.1 water buffer immersed coiled-tube heat
wall surface exchanger. Heated with
[m?] either AWHP through the
Glazed 10.7 13.8 36.0 coil (200 ) or electric
opening resistance of 1.8 kW
area [m?] (1201).
Floorplan Rectangular | Rectangular | “L” shape Photovoltaics Type 103 Polycrystalline PV panel.
shape 1 kW peak modelled;

Technical building system description

All three models have been simulated with two different
HVAC systems. Firstly, an air-to-water heat pump system
(AWHP) has been simulated for heating, with floor
heating, cooling with slab cooling, and DHW generation
with an immersed coiled-tube heat exchanger. The sizing
of the heat pump system provides that the AWHP can
cover the heating needs in a monovalent manner. The
floor heating system is designed for forward end return
temperatures of 35/30°C, the chilled ceiling is with
17/22°C. For DHW production, the storage tank capacity
of 200 1 is with a desired temperature of 50°C, provided
by the heat pump. For leaving water temperatures of 35°C
and 55°C, the heat pump has a coefficient of performance

other sizes scaled up
accordingly.

Electricity consumption was assumed by the statistical
load profile of a distribution system operator and the
national average of 2,500 kwWh annual consumption (E.on
2022).This was applied as an alternative of simulating
various load profiles for the appliances used, that can also
affect on the results (Gjorgievski et al. 2020). Electrical
battery has not been involved in the simulations.

In total, 54 simulations were run,
e 3 building types,

2 HVAC layouts,
e 9PV orientations,



and scaling for PV capacities from 1 kW to 9 kW,
486 scenarios were analyzed in the study.

Results are aggregated for the whole year period in a
resolution of 5 minutes (Povolato et al. 2023; Jiménez-
Castillo et al. 2021). Self-consumption, self-sufficiency,
self-production, and grid-liability —metrics were
investigated in the study. Using the notations of Figure 1,
‘A’ for load covered from the electricity grid, ‘B’ surplus
power fed back to the grid and ‘C’ power utilized directly
on-site, the indicators can be calculated as the following:

self-consumption:

SC=C/(B+C) Q)
self-sufficiency:
SS=C/(A+C) 2)
self-production:
SP =C/ (A+B+C) 3)
grid-liability:
GL=(A+B)/ (A+C) -1 @)

SC, SS and SP have their range in the range of [0,1] and,
and the higher value is the more appealing. However,
while SC and SS are monotonous as the function of the
installed PV capacity, SP has an optimum for it. Similarly,
GL has an optimum as of the installed PV capacity, but in
this case the optimum is a minimum. GL has a range of
[-1, == ). -1 means that the site is operating fully
independently from the grid, 0 means it has just as much
interaction with the grid as without a PV system and
positive values mean that there is an increase in grid
interaction compared to no PV case.
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Figure 1: Scheme of power streams for load-matching
indicator characterization.

Results and discussion

Energy demand for the different scenarios

To analyze the behavior of the load matching indicators
for the different scenarios, it is necessary to meet the
results of the simulations. Table 3 represents the annual
energy consumption of the simulated cases, while Table 4
the kWh/kW peak production ratio for the different PV
orientations.

Table 3: Annual and seasonal energy consumption
[KWh/year]

Type 2 | 4 | 38 2 | 4 [ 38

HVAC AWHP ASHP

Energy 5746 7185
cons.
[kWhlyr]

5575 6367 | 6955 7670

HVAC 355 334 | 679

energy

during
Apr-Oct.
[KWhlyr]

1173 | 1202 | 1429

HVAC
energy
during Oct-
March
[KWh/yr]

2720 | 2912 | 3188 | 3282 | 3483 | 3741

Table 4: Annual yield [kWh/year] per kW peak capacity

by PV orientation.

[kWhyr/ w S E

1 kWp]
15 1061 1180 1056
30 1024 1223 1007
60 883 1138 862

Load matching indicators for NZEB PV capacity

At first, load matching indicators in general are
investigated by the results of the simulations. NZEB-sized
PV systems are defined as buildings with a generation to
demand ratio (GTDR) of [0.9,1.1], which means that the
annual PV vyield is +/-10% of the gross electricity
consumption. This provides the following statistical
results for the indicators seen in Table 5, which
correspond to 66 cases out of the 486 (minimum 10,
maximum of 13 PV orientations for each of the building
types and HVAC system combination).

Table 5: Statistical values for load-matching indicators
with NZEB-sized PV systems.

SC SS SP GL
Mean 0.2768 0.2752 0.1601 0.4456
Minimum | 0.2274 0.2337 0.1336 0.3166
Maximum | 0.3263 0.3137 0.1842 0.5889
Standard | 0.0228 0.0209 0.0137 0.0623
deviation

SC and SS come with approximately the same mean
value, 0.276and vary in a very similar range.
Consequently, this means that a NZEB building can
produce approximately 27.6% of its energy consumption
by direct on-site utilization. Further demand is provided
from the grid and consequently, this same amount is fed
back to the electricity network in other periods. Self-
production and grid-liability metrics highlight exactly the
controversiality of these buildings. The represented
NZEBs result a significantly lower mean for SP, 0.1601,
meaning that only 16% of the energy streams (import +
load + export) is generated for direct on-site utilization.



The other 84% of the energy streams of the house is
participating in grid transfer. Either surplus PV
production that is fed back to grid or consumption,
covered from grid.

In addition, NZEB sizing strategy leads to increased grid
interaction, as GL reveals. A mean of 45% suggests, that,
these “net zero” buildings exchange 45% more energy
with the grid, than the same buildings without
photovoltaics. It is to highlight that even the minimum is
32%.

Effect of building type and HVAC system

To reveal the influence of building type and the HVAC
system in case of the NZEB types defined by the previous
paragraph, it is necessary to look at the consumption in
details. Table 3 revealed that there is practically no
difference of the final energy consumptions of building
types 2 and 4. Figure 2 highlights, that this is due to the
relatively large ratio of the consumption of the appliances
and domestic hot water generation. In both aspects,
difference emerging from heating energy consumption is
reduced as of the high efficiency of the heat pump system.
Furthermore, there is no cooling energy need for these
two types. In case of Type 38 cooling appears as well,
accounting for approximately 5% of energy consumption
in both cases.

100%
SERRRR
60%
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Figure 2: Share of consumptions for building types

Contrast of AWHP and ASHP systems comes as
expected. For the latter, usage of electric water heater
requires much larger energy, increasing the share of DHW
generation (Table 3).

These are determinant on the SC and SS of the different
building types and HVAC systems, as the energy
matching chart (Figure 3) shows.

The simulation results show similar trends for building
types 2 and 4. Apart from the few outliers, these types
have lower SC and SS in case of the AWHP systems and
higher in case of ASHP systems than type 38. A probable
explanation is that in case of the AWHP system, as the
heat pump either cools or generates hot water, peaks of
HP have a limit. While in case of ASHP with electric
boiler, the operation of the two appliances can come at the
same time, providing higher peak demands, which are
uncertain to be served by the PV system (Gergely,
Csoknyai, and Horvath 2022).
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Figure 3: Energy matching chart for net zero energy
photovoltaic sizing strategy

Similarly, impact of DHW usage during summer periods
is traced on the GL and SP metrics as the functions of the
energy consumptions (and consequently, building types).
Higher PV production is harvested with the increased
electricity need in case of electric water heaters, thus
increasing GL and SP in case of the ASHP system.

06- 4
.
i & e
0.5- &
L]
|
—
(G [ ] =
3 B
0.4- * A
L ]
5500 6000 6500 7000 7500
Energy consumption [kVWh]
HVAC ASHP &  AWHP PV_direction ® E 4 5 ® W
0.18-
017 -
L]
Y
0L (16 - *
73] b )
s L]
0.15- o & s
0.14- ! -
|
5500 G000 G500 7000 7500

Energy consumption [kKvWh]

Figure 4: Grid-liability and self-production as the
function of annual energy consumption of the net zero
energy buildings

This idea is supported with Figure 5, load analysis of a
spring day. It is certain, that with both PV systems
sketched, on-site utilization of photovoltaics is higher in



case of ASHP systems. Covering approximately the same
ratio of DHW demand on the shown example, exactly
means an increased simultaneity, as in case of ASHP
systems, the DHW share is more significant as shown
earlier.

Figure 5 also suggests that when sizing PV for NZEB
yield, if winter loads are dominant — such in case of
AWHP systems, lower fraction of high-yield periods can
be exploited. On the contrary, if DHW need is dominant
in PV sizing, high amount of summer yields can be
utilized for DHW production (Gergely, Csoknyai, and
Horvath 2022). This could be enhanced with a cooling-
dominant example (Bee et al. 2019).
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Figure 5: Loads of air-source heat pump system (ASHP),
air-to-water heat pump system (AWHP) and
photovoltaic production for net zero sizing with east
facing 15°inclination and west facing 60°inclination for
a spring day

Impact of PV orientation, capacity and yield

The other core question of the study is to reveal the
circumstances which suggest the optimum of the
indicators (maximum in case of SC, SS, SP and minimum
for GL) along the parameters of the PV system. Plotting
the simulation results for the range of 1-9 kW PV peak
capacity and smoothing a curve on the datapoints by
orientation helps to examine the effect of both the
direction the panels facing at, and the angle of incidence.
Figure 6 reveals that the best orientation of all the
indicators are east facing with high incidence angle. West
facing PVs are favorable for SC though not performing
well for SS.

While in case of self-sufficiency, the higher the yield, the
better the indicator, it is the opposite for self-
consumption. Noting this leads to the idea that the
different yield per peak capacity of the various
orientations have a disfiguring effect.

Consequently, LMIs are indicated by the annual yield of
the different systems in Figure 7. The comparison of the
figures justifies this preconception — which is quite
logical, though may not be obvious. Based on this itis also
unambiguous why trends of the different orientations
spread by the indicators for the observation over the peak
capacity, and why it is moderated over the annual yield
case. This implicitly also suggests, that LMIs are easier to

estimate by the annual yield of the PV system rather than
the capacities.

An indicator-by-indicator analysis also brings changes to
the LMIs by PV orientation. While by capacity, west
facing panels achieved good results, for annual yield they
become the worst for SC and GL. Thus, applying the
capacity of the panels mislead the results for those
indicators.
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Figure 6: Load-matching indicators for different PV
peak capacities[kKW] and orientations (by color).

In the meantime, the effect of production periods is more
remarkable for the eastern orientation, as with even lower
annual yield per peak capacity ratio, eastern orientations
still provide optimum for all the LMIs.

Table 6: Orientations of minimum and maximum values
of load-matching indicators, sizing for annual electricity
consumption (+/-10%).

SC SS SP GL
Minimumat | W_60 W 60 | W 60 E 15
Maximum at E_15 E_60 E 15 S 30

Poor results of south facing panels are consolidated by
changing from capacity to annual yield, providing values
consistently between the eastern and western alternatives.

It is also notable, while SC, SS and GL has changed
notably, SP is less effected by altering to annual yield
from capacity, which is due to the construction of the
indicator. Self-production merges all the energy streams
(from grid, on-site directly utilized and to grid) at once to
its denominator.

Figure 8 sums the natices of the previous paragraphs. SP
and GL of the different HVAC systems as the function of
generation to demand ratio reveals, that from the
perspective of PV sizing, NZEBs result in buildings with
heavily increased interaction with the grid.




The optimum of SP suggests approximately the half of the
system that is applied in case of NZEBs (so systems that
approximately generate the half of the household’s overall
electricity consumption). This would enhance the
utilization of generated PV directly on-site yet would not
increase grid-liability heavily. The optima of GL values
appear at around 0.2 GTDR.
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Figure 7: Load-matching indicators for different PV
annual yields [kWh] and orientations (by color).
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Figure 8: Self-production and grid-liability as the
functions of the generation to load ratio, by the specific
heating system type.

Conclusions

Net zero energy building design is a core element of the
European legislation. This includes on one hand, a low
energy consumption building and on the other, a technical
building system based on renewable energy.
Predominantly this is achieved with solar panels and heat
pumps in case of residential buildings. Intermittence of
these systems, nonetheless, is a key issue in the
transformation of the building stock to carbon neutral.

Load matching indicators aim to describe the synchrony
of the loads and the generation. In the present study we
aimed to reveal the aspects of applying different system
layouts, namely air-to-water heat pump system for
heating, cooling and domestic hot water generation once
and twice, air-to-air heat pump for maintaining the
preferred temperatures with electric water heater for
providing hot water. Simulation results of three houses
with the same DHW need and electric load profile of
appliances revealed, the system type is determinant for the
load matching metrics. Higher share of summertime
consumption leads to better indicators with NZEB PV
sizing. Consequently, systems with higher DHW energy
consumption (in the context, electric boiler compared to
HP water heating) can improve the load matching
indicators. Similarly, increased share of cooling loads can
be accounted for improved simultaneity.

From the perspective of the applied PV system annual
yield seems to be a better choice when drawing
conclusions for the indicators, as they show a moderated
variance compared to the plot over the PV capacity. With
the loads observed, east facing panels with higher angle
of incidence (60°).

Eventually, it is to be highlighted that the observed net
zero energy buildings could achieve self-consumption
and self-sufficiency at around 27%, yet this resulted a
heavily (by 45%) increased grid interaction (grid-
liability) to a case without photovoltaics. In the meantime,
self-production has also revealed that only 16% on the
energy streams of these NZEBS are provided for on-site
utilization, 42% is the load covered from the grid and
another 2% of the total energy balance is the PV
production fed back. Self-production and grid-liability
metrics suggest that an optimal sizing strategy to
residential PV systems would be a coverage of 20-50% of
the annual loads.

In continuing research, the amount of DHW and the
profile and the cross effect of it with the increase of
cooling load will be observed more detailed. As well as
the load emerging from the appliances will be varied and
effect of applying household size batteries will be
investigated.
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