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ABSTRACT

Achieving net-zero energy performance requires that a building’s
total annual energy demand be fully met by renewable energy
sources. In this context, the integration and appropriate sizing of
renewable energy systems are critical to ensuring balanced and
reliable building operation. This study presents a comprehensive
dynamic energy simulation of a tiny house designed to achieve net-
zero energy building (nZEB) performance. The primary objective
is to determine the required sizing of the renewable energy supply
system (RESS) to enable net-zero operation. A ground-source heat
pump (GSHP) and photovoltaic (PV) panels are considered as the
main components of the RESS. To ensure accurate system
integration, the tiny house and the RESS are simulated
simultaneously using TRNSYS. Peak heating and cooling loads are
calculated, and the RESS is sized to satisfy both thermal and
electrical demands. Monthly and annual electricity balances are
systematically evaluated to verify compliance with net-zero energy
criteria. The tiny house features a gable-roof configuration with a
floor area of 20 m?. The peak heating load, peak sensible cooling
load, and peak total cooling load are determined to be 2.12 kW,
1.78 kW, and 2.48 kW, respectively. Based on these results, a
GSHP is selected with a rated heating capacity of 2.22 kW at a
typical entering water temperature (EWT) of 0 °C for ground-loop
operation, and sensible and total cooling capacities of 1.93 kW and
2.69 kW, respectively, at a typical EWT of 25 °C. The required
vertical borehole depth is calculated to be 60 m. To meet the annual
electricity demand, PV panels with a total installed capacity of 2.27
kWp are required.

1. Introduction

Research Article

During the COVID-19 pandemic in 2020, many
people in Tiirkiye began relocating to rural areas,
seeking to distance their families from crowded urban
environments. A significant number chose to
purchase tiny houses and place them on land located

near—but not within—village boundaries. However,
these rural regions often lack electricity and gas
networks, creating a major challenge for residents.
The net-zero energy building (nZEB) approach
presents a promising solution. A net-zero energy
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building (nZEB) is defined as a building where the
total annual energy demand is entirely met by
renewable energy sources. The core principle of an
nZEB is to eliminate reliance on fossil fuels.
However, the term nZEB 1is sometimes used
interchangeably with Nearly Zero-Energy Building,
which refers to a hybrid energy supply system where
a portion of the energy demand is still met by fossil
fuels. Various renewable energy supply systems
(RESS) can be designed to meet a building's energy
needs, but the primary challenge lies in effectively
integrating renewable energy sources into the
building's infrastructure.

The building sector accounts for nearly 30—40% of
global final energy consumption and contributes
significantly to greenhouse gas emissions (IEA,
2021). As a result, zero-energy buildings (ZEBs)
have become an essential approach to reducing
operational energy use through high-performance
envelope design and on-site renewable energy
systems. General overviews of zero-energy building
principles and performance criteria have been
presented in recent studies, emphasizing the need for
integrated design strategies and renewable energy
deployment (Karanfil & Unver, 2022; Unver, 2025).
While ZEB research traditionally focuses on standard
residential and commercial buildings, the growing
tiny-house movement—comprising dwellings under
approximately 40 m>—represents a promising but
underexplored opportunity for achieving ultra-low
energy consumption.

Tiny houses offer intrinsic advantages such as
reduced material use, small conditioned volume, and
potential for off-grid operation. However, lightweight
construction, limited thermal mass, and rapid
temperature fluctuations create unique thermal
challenges. In addition to envelope-related
characteristics, infiltration losses have been shown to
significantly influence building energy performance,
particularly in lightweight structures where
airtightness levels strongly affect heating and cooling
demands (Tiirel et al., 2024). Similarly, occupant
behavior and appliance usage preferences can
substantially alter energy consumption patterns and
operating costs under different tariff structures,
highlighting the importance of considering
behavioral and operational parameters alongside
physical design variables (Aslan et al., 2024). These
findings demonstrate that both envelope performance
and user-related factors must be addressed within an
integrated ZEB-oriented design approach.

Beyond individual building performance, broader
sustainability strategies are required to support long-

term energy transition. Strategic frameworks for
sustainable building stock transformation emphasize
combining energy efficiency measures, renewable
integration, and policy mechanisms within a unified
planning perspective (Unver et al., 2025). Such multi-
layered approaches reinforce the need to evaluate
compact residential typologies not only in terms of
energy demand but also within wider sustainability
objectives.

These characteristics necessitate the use of advanced
dynamic simulation tools capable of accurately
capturing hourly building behavior, HVAC
operation, and interactions with renewable energy
systems. In addition to energy-focused studies,
broader sustainable building assessment frameworks
have been applied to evaluate building performance
from multi-criteria perspectives (Bahadiroglu et al.,
2022; Efe et al., 2022), highlighting the importance of
integrating energy efficiency with environmental
performance metrics.

Foundational work on ZEB definitions has shaped
international performance standards. Torcellini et al.
(2006) introduced early distinctions between types of
“net-zero” metrics. Marszal et al. (2011) later refined
the NZEB concept for Europe, and Sartori et al.
(2012) proposed a unified international framework
emphasizing minimizing demand before integrating
renewable energy.

Empirical research on tiny-house energy use remains
limited. Studies by Brooks (2019) and Mangold et al.
(2021) show that tiny houses can substantially reduce
annual energy consumption; however, their thermal
comfort depends heavily on insulation levels,
infiltration rates, and internal gains. These
sensitivities underscore the importance of dynamic
energy simulation.

Dynamic simulation engines such as TRNSYS and
EnergyPlus have become essential research tools.
Crawley et al. (2001) compared leading simulation
engines and emphasized their role in assessing time-
dependent energy flows. Attia et al. (2013), Hong et
al. (2018), Fumo (2014), and Ostergard et al. (2018)
demonstrated that dynamic modeling supports
envelope optimization, HVAC design, and early-
stage decision-making, particularly for low-energy
and ZEB buildings.

Despite substantial advancements in zero-energy
building (ZEB) research, studies that explicitly
integrate ZEB-oriented design, dynamic building
energy simulation, and tiny-house typologies remain
limited. In particular, the thermal implications of
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lightweight envelope constructions—commonly used
in tiny houses—have not been systematically
examined within a dynamic simulation framework.
While previous studies have addressed ZEB
principles (Karanfil & Unver, 2022; Unver, 2025),
infiltration-related performance (Tiirel et al., 2024),
user-driven load variations (Aslan et al., 2024), and
sustainable  building assessment frameworks
(Bahadiroglu et al., 2022; Efe et al., 2022; Unver et
al., 2025), an explicit dynamic investigation of
manufacturer-based tiny houses within a ZEB
framework is still lacking.

To address this identified research gap, the present
study develops a comprehensive TRNSYS model of
a manufacturer-based tiny house and evaluates its
transient thermal behavior and zero-energy
performance potential. By comparatively analyzing
lightweight and conventional envelope
configurations under identical geometric conditions,
the study provides novel insight into the influence of
envelope thermal mass on seasonal load distributions
and overall energy performance in compact
residential buildings.

2. Material and Methods

A gable-roof tiny house was modeled using the
TRNSYS3D  plugin  within the  SketchUp
environment (Fig. 1). The building has overall
dimensions of 2.5 x 8 x 3 m and features asymmetric
roof slopes of 14° and 45°, yielding a total floor area
of 20 m?. The three-dimensional geometry generated
in TRNSYS3D was subsequently imported into
TRNBuild, where the building envelope
characteristics (Fig. 2), internal gains and occupancy
schedules (Fig. 3), and HVAC system configurations
were specified for the simulations.

The exterior wall assembly consists, from exterior to
interior (left to right), of thermawood cladding,
galvanized sheet metal, a moisture barrier, marine
poplar wood, 50-mm XPS insulation, and MDF with
matte lacquer (Fig. 2). The envelope U-values are
0.45 W/m2K for the walls, 0.415 W/m2K for the
ground floor, 0.365 W/m?K for the roof, and 2.82
W/m?K for the windows.

~..
~.
.

Figure 1: The sketch of the tiny house

Figure 2: The exterior wall assembly.
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Figure 3: Schedules

An initial simulation (Fig. 4) was conducted for
Bursa, Tiirkiye, using 10-year average weather data
to determine the peak heating and cooling loads,
annual thermal energy demands, and electrical loads
from lighting and appliances. Air change per hour
(ACH) was selected as 0.85 based on the outdoor
design temperature (Derbentli & Genceli, 1997).
Thermostat setpoints were set to 20 °C for heating
and 24 °C for cooling.

Borehole thermal modeling was conducted using
TRNSYS Type 548, which enables detailed
parameterization of storage volume, borehole
geometry, soil thermal properties, and ground layer
specifications. The borehole log shown in Table 1,
obtained from a real well drilled in Bursa, was input
into Type 548. A single U-tube configuration is used

as the ground heat exchanger (GHX), and thermally-
enhanced bentonite is used as the backfill material.

Table 1: Log of borehole section

Layer 5 k c
[m] | [W/mK] | [ki/m3K]
silt and clayey silt, wet | 28 | 1.345 2135
clay-mudstone 36 | 2.34 2015
clay, dry 8 0.735 935
sandstone 28 | 2.785 2170
clay, dry 8 0.735 935
micaschist 12 | 1.345 2175

Although TRNSYS Type 548 does not strictly require
a predefined borehole depth, determining a realistic
borehole length is essential to ensure the technical
feasibility and physical implementability of the
system design. Therefore, the vertical borehole depth
was calculated using the ASHRAE method proposed
by Kavanaugh and Rafferty (2014), taking into
account the heat extraction and rejection rates of the
GSHP. For the reader’s convenience, the governing
equations used in the borehole length calculation are
briefly presented below.

The required length for cooling is:

L. = QaRg,a""?cond(Rb+PLFng,m+FscRg,st) 1
c — T ELT+LLT T ( )
97— 7 *Ip

The required length for heating is:

__qaRgatdevap (Rp +PLFng,m+FscRg,st)
L= @

ELT+LLT

where ¢, is the net annual heat transfer rate, given by
the equation below:

_ qcondXEFLHC+qevap><EFLHh

qa = 8760 (3)

where EFLH. represents the equivalent full-load
hours in cooling, and FEFLH, represents the
equivalent full-load hours in heating. The values for
EFLH are evaluated from the simulation of the load
analysis. The symbol R, stands for the thermal
resistance of the bore, while Rga, Rgm, and Rgg
represent the thermal resistance of the ground in
annual, monthly, and short-term pulses, respectively.
T, is the ground temperature, and 7, is the
temperature penalty for a 10-year simulation period.
ELT and LLT are the GHX working fluid
temperatures at the inlet and outlet of the GSHP.
PLF, is the part-load factor, and F is the short-
circuit heat loss factor.
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In the equations above, §.,nq represents the heat rate
rejected into the ground:

QCond — COPc+1
QCl COP.

4)

And §eyqp represents the heat rate extracted from the
ground:

devap __CoPp—1 (5)
dni COPp

where, q.; and gp; are the building design cooling
and heating block loads, calculated from the results of
the load analysis with 4-hour averaging on the day
when the peak heating and cooling loads occur.

The coefficients of performance for cooling (COP.)
and heating (COP,) are taken from the GSHP
manufacturer’s catalogue, corresponding to the rated
capacity of the GSHP.
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Figure 4: Simulation scheme used for load analysis

Following the determination of the heating and
cooling loads, a water-to-air ground-source heat
pump (GSHP) capable of meeting these loads was
selected based on manufacturer performance data.
The GSHP was implemented in TRNSYS using Type
919, supported by manufacturer-specific
performance and correction files to ensure accurate
representation of operational characteristics.

Once Type 548 and Type 919 were incorporated into
the model, the simulation was rerun to determine the
total electricity demand. Subsequently, TRNSYS
Type 562 (PV module) was added, and the required
photovoltaic panel area was determined through trial-
and-error iterations. The tilt angle and solar azimuth
angle of the PV panel were set according to the slope
of the south-facing section of the gable roof, which
were 15° and 0°, respectively. The final TRNSYS
simulation layout is shown in Figure 5, and all
TRNSYS Types used in the study are listed in Table
2.

Upon completion of the final simulation for 8760
hours, the seasonal performance of the heat pump was
calculated using the following equations:

_ (THTA)nm

COPys = T Dm ©)
hm

SEER = LT em 3 41 7)
cm

COP _ (THTA)hm 8

hs,o0 — th+Pp ( )

SEER, = 20 » 3 41 9)

cmTEp

where the subscripts /s and c¢s denote the heating and
cooling seasons, respectively, while im, cm, and o
refer to heating mode, cooling mode, and overall
system performance. (THTA) represents the total
thermal energy transferred to the conditioned zone air
over the respective season. Py, and P, denote the
electric power consumption of the heat pump in
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heating and cooling modes, respectively, while B,
represents the electric power consumption of the well
pump. The overall performance indices (COPp;, and
SEER,) include the well pump electricity
consumption in the denominator. All energy and
power quantities are obtained directly from the
TRNSYS simulation outputs.

2.1. Validation Method

Validation is performed by comparing the results
from TRNSYS with those obtained using ASHRAE
methods (Derbentli & Genceli, 1997). The governing
equations are briefly presented below.

Table 2: TRNSYS Types and RESS components

Component Type
Building Type 56
Weather Type 15
Ground Temperature | Type 77
GSHP Type 919
Borehole Type 548
Latent cooling Type 2280
Pump Type 114
Zone thermostat Type 166
PV Type 562

The sensible heating load due to heat loss through
the structure and windows, also referred to as static
transmission heat losses, is given by

qs,n = UA(AT) (10)

The sensible cooling load due to heat gain through the
structure and windows is expressed as

gs,c = UA(CLTD) (11)
§sc = UA(GLF) (12)

Sensible or latent heat loss or gain due to infiltration
are given by:

Giny = CQAT (13)

where C represents the air sensible or latent heat
factors.

The air flow rate due to infiltration is calculated as:
Q =ACH(V)/3.6 (14)

In a single-family house, the sensible heat gain per
sedentary occupant and from household appliances is

assumed to be 67 W and 470 W, respectively
(Derbentli & Genceli, 1997).

Total heating and cooling loads are the sum of the
sensible and latent components of heat loss or heat
gain. Latent heat loss corresponds to the
humidification of infiltration air, while latent heat
gain accounts for the dehumidification of infiltration
air. The total cooling load can also be determined, as
follows:

C'Itot,c = (LF)qs,c (15)

where LF' is the latent factor, that is the reciprocal of
the sensible heat factor (SHF).

The most common ASHRAE methods for estimating
the annual heating or cooling energy requirements of
a residential building are the degree-day method and
the BIN method. The degree-day method is based on
the daily average outdoor temperature while the BIN
method uses temperature bins. The latter may yield
more precise results, but it is limited to heating energy
estimation only. The governing equations for the
annual degree-day method are given as follows
(Derbentli & Genceli, 1997):

E. = Y(UA) x (CDD) (16)
E, = Y (UA) X (HDD) (17)

where E. is the annual sensible cooling energy needs
of the building, while £} is the annual sensible heating
energy need, and };(UA) is the total specific heat loss
of the building in W/K. CDD and HDD are the
degree-days for cooling and heating, respectively,
and they are calculated as follows:

CDD = (1 day) Zdays(To - Tbal)+ (18)
HDD = (1day) Zdays(Tbal - To)+ (19)

where T, is the daily averaged outdoor temperature,
and Ty is the balance point temperature of a building,
also known as the base temperature. The superscript
plus sign indicates that only positive values are
counted. The balance point temperature is calculated
as follows:

dgain
Tpar = Ten — Z?U ) (20)

where Ggqin represents the heat gains from the sun,

occupants, and lights, and Ty is the thermostat set
temperature. Heat gains are calculated on a monthly
basis as follows:
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anin,m =5X A, + Z(ri,m X Tim X IL',m X Ai,w) 21)

where A4, is the effective floor area, r is the shading
factor, 1 is the transmissivity of the window glass, / is

the monthly averaged insolation incident on the
fenestration [W/m?], 4y is the window area, and the
subscripts i and m represent direction and month,
respectively.
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Figure 5: Complete simulation scheme used in this study

3. Results and Discussions

The simulated load profiles are presented in Figures
6, 7, and 8, where HL, SCL, LCL, Appliances, and
Lighting represent heating load, sensible cooling
load, latent cooling load, appliances electricity
consumption, and lighting electricity consumption,
respectively. The peak heating load, peak sensible
cooling load, and peak total cooling load were
determined to be 2.12 kW, 1.78 kW, and 2.48 kW,
respectively.

The outputs of the thermal load simulation (Fig. 4)
were used as inputs to the ASHRAE borehole sizing
method (Egs. 1-5), yielding required depths of 60 m
for heating and 45 m for cooling. The larger value
was selected for the final design. The explicit

determination of borehole depth enhances the
technical robustness and practical applicability of the
proposed system under realistic implementation
conditions. Accordingly, a GSHP was selected with a
rated heating capacity of 2.22 kW at a typical entering
water temperature (EWT) of 0 °C for ground-loop
heat pumps, as well as sensible and total cooling
capacities of 1.93 kW and 2.69 kW, respectively, at a
typical EWT of 25 °C.

Figure 6 presents the monthly heating load (HL) and
the sensible and latent cooling loads (SCL and LCL)
of the tiny house, simulated in TRNSYS with the
original lightweight envelope materials specified by
the manufacturer. As observed in Figure 6, the

285



Kara and Phelan (2026). J Inno Sci Eng 10(2):279-293

heating loads are generally higher than the cooling
loads throughout the year. This behavior is primarily
attributed to the climatic characteristics of Bursa,
where the heating degree-days (HDD) are
significantly greater than the cooling degree-days
(CDD) (see Table 3).

Beyond this expected seasonal dominance of heating
demand, the load distribution also exhibits an
anomaly related to the envelope characteristics.
Specifically, the results indicate an atypical seasonal
behavior, characterized by cooling loads during
winter months and heating loads during certain
summer periods. Such counter-seasonal demand
patterns deviate from conventional building thermal
response and suggest a pronounced sensitivity to the
thermal properties of the lightweight envelope. This
phenomenon can be primarily attributed to the limited
thermal mass and reduced heat storage capacity
inherent in lightweight construction systems. During
sunny winter days, solar and internal heat gains
cannot be effectively absorbed and damped by the
envelope, causing rapid increases in indoor
temperature that may exceed the cooling setpoint.
Conversely, during summer nights, the insufficient
thermal inertia allows the indoor temperature to

decrease quickly as outdoor temperatures fall,
occasionally dropping below the heating setpoint.
These observations indicate that the anomalous loads
observed in Figure 6 are likely driven by the reduced
thermal mass of the lightweight envelope.

To wverify this interpretation, a comparative
simulation was conducted in which the building
geometry was preserved while the lightweight
envelope materials were replaced with conventional
high-thermal-mass components (e.g., brick walls and
concrete ceiling and floor). The results of this
modified configuration are presented in Figure 8. As
shown, the counter-seasonal loads observed in Figure
6 disappeared, and the expected seasonal demand
pattern—dominant heating in winter and dominant
cooling in summer—was restored. This outcome
clearly confirms that the anomalous seasonal
behavior identified in Figure 6 is directly attributable
to the limited thermal inertia of the lightweight
envelope configuration. This finding has direct
implications for nZEB design in lightweight
dwellings. Therefore, envelope thermal mass plays a
decisive role in shaping seasonal load distributions
and directly affects the zero-energy feasibility of tiny
houses.

3000

2500

EHL =SCL mLCL

2000

1500

1000

Thermal Load (MJ)

LLL ook Ik 0K
2 3 4 5 6 7 8 9 10 11

Months

Figure 6: Monthly thermal loads of the tiny house
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Figure 8: Monthly loads of the tiny house built by using conventional building materials
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The electrical consumption profile of the complete
system is illustrated in Figure 9, where the electricity
demand of the heat pump (including fan power), well
pump, appliances, and lighting is presented
separately. Figure 10 compares the monthly PV

electricity generation with the total building
electricity demand, including the contribution of the
RESS. As expected, PV output is higher during the
summer months due to increased solar insolation
compared to winter conditions.
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As illustrated in Figure 11, the annual electricity
consumption of the tiny house was 3465 kWh, while
PV generation reached 3427 kWh, resulting in a
minor difference of 38 kWh (approximately 1.1% of
total demand). This deviation falls within the typical
uncertainty range of dynamic simulation models and
is therefore considered negligible in practical
engineering terms. Accordingly, the annual nZEB
performance criterion is regarded as satisfied.

H Total consumption ® PV generation

Figure 11: Annual electric energy balance [kWh]

To satisfy the nZEB requirement, a total PV panel
area of 12 m? was determined to be necessary.
Although TRNSYS Type 562 requires the panel area
as a direct input parameter, photovoltaic systems are
conventionally expressed in terms of installed
capacity (kWp). Therefore, the equivalent installed
capacity was calculated using PVGIS-v2 (European
Commission, Joint Research Centre, 2025), resulting
in a required capacity of 2.27 kWp. While PVGIS-v2
also provides optimal tilt and azimuth angles (30° and
0°, respectively) for maximizing annual energy yield,
the optimized tilt angle was not implemented.
Instead, the panel inclination was set equal to the
existing south-facing roof slope (15°), with a solar
azimuth of 0° due south, in order to ensure
architectural consistency and structural compatibility.

The regulations regarding PV electricity generation
typically allow homeowners and electricity
distribution companies to offset their electricity
generation and consumption on an annual basis.
Thus, maintaining a balance between annual
electricity production and consumption enables
homeowners to prefer on-grid PV systems, helping
them avoid the costs associated with electric storage
equipment.

Figure 12 presents the seasonal performance of the
GSHP system. As shown in the figure, COPs
represents the seasonal heating coefficient of

performance, which is approximately 4, while SEER
denotes the seasonal cooling energy efficiency ratio,
reaching about 14. The “Overall” values of COPs and
SEER were calculated by including the electrical
power consumption of the well pump.

14

12 mHP
10 H Overall
8

6

4

- |
0

COPS SEER

COP & EER

Figure 12: Seasonal performance of the GSHP system
3.1. Validation Results

For wvalidation purposes, the degree-day-based
method described in the Material and Methods
section was applied to compare the simplified
calculations with the dynamic simulation results. The
base temperatures used to calculate HDD and CDD
vary by country. For example, the base temperature is
18.3 °C in the United States (US), 15.5 °C in the
United Kingdom, 18.3 °C in the Kingdom of Saudi
Arabia, and 15.0 °C in Germany (Bhatnagar et al.,
2018). In the US, base temperatures of 10 °C for
cooling and 18.3 °C for heating are used to calculate
CDD and HDD, respectively, as well as to categorize
locations into climate zones (Bhatnagar et al., 2018).
However, the 10 °C base temperature for calculating
CDD to classify climate zones seems low, as internal
loads and solar gain alone may not raise the
temperature to the point that cooling is required for
commercial buildings. Carscallen et al. (2005)
revised this value to 15.6 °C as the base temperature
for calculating CDD, reflecting the current situation
with excellent envelope characteristics and efficient
equipment.

Base temperature can vary depending on
climatological conditions and building envelopes.
Therefore, it was calculated for the house under
consideration in the current study. The base
temperatures for HDD and CDD were calculated as
18.6 °C and 16.6 °C by inserting 20 °C and 24 °C for
Tw in Eq.-20 as the thermostat temperatures during
the heating and cooling seasons. The calculated base
temperatures align with those found in the literature
mentioned above.

Temperature bins of 3 °C increments were used as
temperature bins for calculating the heating energy
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needs of the building using the BIN method. The
design heating load and design cooling load were
calculated using the equations provided in the
Material and Methods section, based on the design
conditions specified by Turkish Standards (Genceli &
Parmaksizoglu, 2008) for Bursa city. The outdoor
design temperature for the heating design load is
-6 °C, while the dry bulb temperature is 37 °C and the
wet bulb temperature is 25 °C for the cooling design
load (Baycan et al., 2002).

The outcomes from the simulation and the validation
method were compared, and the deviations from the
simulation results are presented in Table 3. The
symbols g and E in the table represent the thermal
load and annual thermal energy need of the house,
respectively, while the subscripts h, ¢, and s denote
heating, cooling, and sensible components. The
heating and cooling loads obtained from TRNSYS in
Table 3 correspond to the peak loads, which occurred
under conditions closest to the standard design
conditions mentioned above. It should be noted that
the peak loads reported in Table 3, for both the
validation method and TRNSYS, include the sensible
portion of the infiltration load. However, a distinction
exists for the energy values: the energies calculated
via the wvalidation method account only for
transmission-related loads and exclude infiltration
effects, whereas the TRNSYS-based energy results
include the sensible part of infiltration due to the
specified ACH input. The latent cooling load in
TRNSYS is computed separately using a dedicated
Type. The absolute deviations reported in Table 3
remain within acceptable engineering tolerance
limits, thereby confirming the reliability and
robustness of the simulation framework.

It should be noted that the peak heating load estimated
by the validation model indicates a substantial
infiltration contribution, with approximately 479 W
of the total heating load attributed to the infiltration
part (sensible only). Similarly, for the peak cooling
load, 382 W corresponds to the sensible infiltration
part. All values reported in Table 3 refer exclusively
to the sensible component. Although equations are
available to estimate latent cooling loads, no
corresponding formulation exists for seasonal energy
demand calculations. Consequently, the latent
component was excluded from both the load and
energy demand analyses.

The analytical energy estimations—specifically those
derived from the BIN and degree-day methods—rely
on Y (UA)as the primary input. Because this
parameter focuses exclusively on the building’s
envelope transmission, these calculations naturally

omit the sensible loads associated with infiltration. In
contrast, the TRNSYS model integrates these
infiltration effects directly into its annual heating and
cooling results based on the defined ACH value.
Consequently, the deviations observed in Table 3 are
primarily a reflection of these inherent
methodological distinctions in load accounting rather
than a limitation of the }(UA) parameter itself.

Table 3: Outcomes of validation model and simulation

»(UA) [W/K] 56.68

Ton/Toe [°C] 18.6/16.6

HDD [degree-days] 1948

CDD [degree-days] 988

Design Heating Load [kW] Deviation
qn,s (validation model) 2.07 [2]%
qns (TRNSYS) 2.12

Annual Heating Energy | [GJ]

Ens (BIN method) 10.08 [10|%
Ens (degree-day method) | 9.54 [16|%
Ens (TRNSYS) 11.04

Design Cooling Load [kW]

q. s (validation model) 2.37 [5]%
q.s (TRNSYS) 2.48

Annual Cooling Energy | [GJ]

E.s (degree-day method) | 4.84 [7]%
E. (TRNSYY) 5.15

However, to incorporate the effect of infiltration into
the analytical energy estimations, the overall specific
heat-loss can be reformulated as

H = Hy + H, (22)

where Ht = }(UA) represents transmission losses,
and Hj, corresponds to ventilation/infiltration losses.
It should be noted that the infiltration term refers only
to the sensible component of air exchange. The
infiltration term is calculated as

Hp, = 0.33 (ACH) Vo5 (23)

Thus, H represents the total building-specific heat
loss, including both transmission and infiltration
effects. This reformulation ensures methodological
consistency by allowing the validation-based energy
results to include the sensible infiltration component,
thereby making them directly comparable with the
TRNSYS outputs.

When annual energy estimations are performed using
H instead of ¥(UA), the predicted values increase due
to the inclusion of sensible infiltration effects,
resulting in revised deviations relative to TRNSYS.
In this case, the annual heating demand calculated by
the BIN method becomes 12.67 GJ (13% deviation),
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while the degree-day method yields 11.99 GJ (8%
deviation). Similarly, the annual cooling energy need
calculated by the degree-day method increases to 6.08
GJ. When compared with the TRNSYS cooling
result, the deviation is 15%.

It should also be emphasized that the base
temperature (Tp) represents one of the most
influential ~ parameters in the  degree-day
methodology, since both HDD and CDD are directly
calculated relative to this value. Even small variations
in T}, can lead to significant changes in the estimated
annual energy demand, thereby contributing
substantially to the observed deviations. In the
present study, T, was derived based on monthly
aggregated analysis (see Eq. 21), rather than being
determined on an hourly or daily basis; therefore, the
resulting deviations are considered methodologically
consistent and within the expected uncertainty range
of simplified degree-day calculations.

Considering that TRNSYS operates on an hourly
dynamic simulation basis while the degree-day
method is fundamentally derived from daily averaged
outdoor temperatures, the deviations reported in
Table 3 and discussed above are intrinsically linked
to this difference in temporal resolution and should be
regarded as methodologically expected and
acceptable within standard engineering tolerance
ranges.

These findings demonstrate that a substantial portion
of the discrepancy between simplified analytical
methods and dynamic simulation results originates
not only from the treatment of infiltration and latent
effects, but also from the inherent sensitivity of the
degree-day approach to the selected base
temperature.

4. Conclusions

The findings of this study demonstrate that a gable-
roof tiny house can successfully achieve net-zero
energy performance through the integrated
application of ground-source heat pump (GSHP) and
photovoltaic ~ (PV)  technologies. @~ TRNSYS
simulations indicated that the peak heating load is
2.12 kW, while the peak total cooling load is 2.48
kW, confirming the low energy demand
characteristics of the building.

Based on the ASHRAE sizing methodology, the
required borehole depth was determined to be 60 m,
and a water-to-air GSHP with rated heating and
cooling capacities of 2.22 kW and 2.69 kW was
selected. Seasonal performance analysis yielded an

average heating COP of approximately 4 and a
cooling SEER of around 14, demonstrating efficient
year-round system operation.

To satisfy the annual electricity demand and meet the
nZEB target, a PV panel area of 12 m? was required,
corresponding to an installed capacity of 2.27 kWp.

The annual electricity balance analysis showed that
on-site PV generation offsets the entire electricity
consumption of the heat pump, auxiliary components,
lighting, and appliances. The remaining difference of
38 kWh (approximately 1.1% of annual demand) is
considered negligible within modeling uncertainty
limits; therefore, the building satisfies the nZEB
target on an annual basis.

Expressing the results in terms of Specific Energy
Consumption (SEC) provides a normalized
perspective on building performance. The annual
heating demand of the 20 m? tiny house corresponds
to 159.7 kWh/m?, while the total cooling demand 1is
96.4 kWh/m?. The total annual -electricity
consumption, including appliances, lighting, and the
renewable energy supply system, is 173.3 kWh/m?,
whereas the PV system generates 171.4 kWh/m?
annually. These values indicate that the building
operates very close to a net zero-energy balance on an
annual basis. The contributions of appliances and
lighting remain limited, at 1.65 kWh/m? and 0.50
kWh/m? per year, respectively.

Overall, the results confirm that properly sized GSHP
and PV systems can effectively enable compact
residential buildings to attain near net-zero energy
performance under realistic climatic conditions. The
study offers a technically grounded framework for
integrating dynamic simulation, system sizing, and
renewable energy design in tiny-house applications,
thereby contributing to the advancement of high-
efficiency compact housing solutions.
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