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Abstract

Recent studies have shown that building-envelope characteristics, including thermal mass
and window-related solar gains, can significantly influence heating load behavior. How-
ever, their implications for the applicability and accuracy of simplified volumetric heating
load methods remain insufficiently understood. Therefore, this study evaluates the ap-
plicability and accuracy of steady-state volumetric heating load methods under varying
envelope conditions. Representative residential building models with different envelope
types and window-to-wall ratios (WWRs) were analyzed. Heating loads were calculated
using a normative volumetric approach based on tabulated specific heat-loss coefficients
(Method 1) and a recalculated approach incorporating envelope characteristics and solar
gains (Method 2). A comparison at hourly, peak-load, seasonal, and load-duration-curve
(LDC) levels revealed that the performance of steady-state volumetric methods is strongly
dependent on both envelope characteristics and the level of heating load assessment.
Method 1 consistently overestimated seasonal heating demand by 41-218%, whereas
Method 2 substantially reduced the error. However, Method 2 still underestimated annual
heating demand in highly insulated buildings (up to 39%) and peak heating load (up to
63%). These findings indicate that the applicability of volumetric methods depends on
both envelope characteristics and the level of heating load assessment. The results high-
light the importance of accounting for envelope-dependent thermal-mass effects when
applying volumetric methods to hourly, peak-load, seasonal, and LDC-based analyses.
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In temperate and cold climates, district heating (DH) provides a more cost-effective
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and sustainable solution for supplying heat to buildings in urban areas [1-3]. As cities
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I _ have continued to expand, the demand for DH systems has steadily increased. DH sys-
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work transmission capability, operational control strategies, and overall economic perfor-
mance. Inaccuracies in heating load estimation, particularly in cold-climate regions, may
result in either the oversizing or undersizing of heat sources, thereby reducing operational
efficiency and increasing investment risk [5].

Estimation approaches for district heating demand are generally categorized into
bottom-up and top-down methods [4]. Bottom-up approaches estimate heating demand
by calculating the heat loads of individual buildings and aggregating them to the system
level. These approaches are often used for newly planned district heating systems or sys-
tems without heat metering, for which operational consumption data are unavailable. In
contrast, top-down approaches estimate heating demand from aggregated operational or
statistical data, such as historical heat consumption and weather records. These ap-
proaches are mainly applicable to existing district heating systems in which heat con-
sumption is measured at the building or user level.

Recent studies have increasingly adopted data-driven and machine-learning tech-
niques for heating load prediction and forecasting. These methods have demonstrated
high prediction accuracy using historical operational data, weather information, and ma-
chine learning algorithms [6,7]. Hua et al. [8] classified district heating load forecasting
methods into two categories: white-box (physics-based) and black-box (data-driven) ap-
proaches.

White-box methods rely on detailed physical building parameters and simulation
tools, whereas black-box models predict heat demand directly from measured operational
data without explicit physical modeling. Because of their reliance on detailed building-
specific inputs and expert calibration, physics-based building-level simulation ap-
proaches may have limited practical applicability for large-scale system analyses involv-
ing extensive building stocks [9,10]. Similar limitations have been reported in previous
studies. Moreau et al. [11], Goy et al. [12], and Masson et al. [13] highlighted the challenges
associated with obtaining detailed building-level information for large-scale energy anal-
yses. Their studies showed that increasing the spatial resolution of building-energy as-
sessments substantially increases data-gathering requirements and computational bur-
den, while comprehensive building databases are rarely available at urban and regional
scales. Similarly, black-box (data-driven) approaches depend on the availability of histor-
ical operational datasets, monitoring infrastructure, and representative training data,
which may not be available for newly planned district heating systems or existing systems
without heat metering and often require one or more heating seasons of data collection
before reliable model development is possible.

Consequently, despite advances in physics-based and data-driven approaches, sim-
plified steady-state methods remain widely used in district heating planning and capacity
estimation due to their modest data requirements.

The steady-state, peak-load-based design framework is widely reflected in interna-
tional engineering practice. In Europe and Nordic countries, EN 12831-1 provides the fun-
damental steady-state methodology for calculating building design heat loads, while na-
tional annexes refine climatic and operational parameters according to local conditions
[14,15]. Building-level design loads are subsequently aggregated at the system level using
diversity factors tailored to national conditions. Similar steady-state principles are
adopted in China (GB 50736-2012) [16,17] and South Korea [18], where peak-load or unit-
load criteria are used for equipment capacity selection and district heating approval. In
Mongolia, DH design is governed by BNbD 41-02-13 [19]; in Russia, it is governed by SNiP
41-02-2003 (“Heating Networks”) [20]. Both standards adopt a steady-state, peak-load-
based calculation approach using normative specific heat-loss values per unit building
volume and prescribed design outdoor temperatures for system connection and network
sizing. Although these methods enable practical and rapid estimation of heat-source ca-
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pacity and network dimensions, they do not explicitly consider building thermal mass,
solar heat gains, or dynamic building thermal behavior.

Therefore, this study focuses on the steady-state volumetric method, a widely used
simplified approach in cold-climate regions for architectural design and district heating
system planning, and evaluates its applicability to district heating system-level analysis.

1.1. Steady-State Volumetric Method for Heating Load Calculation

The volumetric method for estimating building heating loads was originally pro-
posed by Ermolayeva [21] for use in the early stages of architectural design and DH sys-
tem planning. In this method, heating load is determined by multiplying the specific heat-
loss coefficient defined per unit building volume (W/(m?K)) by the building volume and
the temperature difference between the indoor and outdoor environments. The key pa-
rameter of this approach is the specific heat-loss coefficient, which considers only conduc-
tive heat losses through the building envelope.

In Russia, Kazakhstan, and Mongolia, which share similar cold climates, this method
has been simplified by precalculating specific heat-loss values based on building geome-
try and architectural characteristics and adopting them as normative coefficients in district
heating standards. In engineering practice, the appropriate coefficient is selected from the
tabulated values in the standard, based on the building type and volume. Furthermore,
recent studies from countries where specific heating-characteristic approaches remain em-
bedded in engineering practice have continued to apply these approaches in building en-
ergy assessment and district heating system modeling [22,23].

In Mongolia, these normative coefficients derived from Ermolayeva’s original formu-
lation were incorporated into the Mongolian DH standard BNbD 41-02-13 and continue
to be used today. However, these coefficients account only for conductive heat losses
through the building envelope, assuming a fixed thermal transmittance (U-value).

Several studies have attempted to refine the specific heat-loss formulation. Ermola-
yeva et al. [21] proposed modifications to the original equation, Melikyan et al. [24] incor-
porated infiltration losses and internal heat gains, and Fouda et al. [25] examined the effect
of solar radiation. Previous studies have shown that specific heating demand varies with
building dimensions and geometric characteristics. Although these developments im-
proved the representation of factors affecting building heating demand, heating load var-
iation is still represented primarily by the indoor—outdoor temperature difference, while
the normative specific heat-loss coefficient remains fixed for a given building category.

Consequently, the influence of building-envelope characteristics, particularly ther-
mal mass, on the accuracy and seasonal performance of volumetric heating load calcula-
tions has not been systematically evaluated.

1.2. Evolution of Building Insulation Standards and Research Gap

Building insulation standards have become progressively more stringent in many
cold-climate countries over recent decades, resulting in substantial reductions in envelope
U-values [26]. Building insulation standards have improved over time, resulting in a sig-
nificant lowering of envelope U-values. In Mongolia, the shift from BNbD 2.01-03-1992 to
BNbD 25-01-2020 [27] strengthened insulation requirements. Compared with those of
benchmark buildings constructed in 1992, the 2020 standard reduced U-values in
Ulaanbaatar by approximately 61% for external walls, 49% for floors, 60% for ceilings, and
33% for windows, as illustrated in Figure 1. The revisions in insulation standards are sum-
marized in Table 1. Following the major revision introduced in 1997, insulation require-
ments for walls, ceilings, and floors have remained relatively stable, whereas those for
windows have gradually become more stringent.
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Figure 1. Evolution of U-value requirements in the Mongolian Building Insulation Standard.

Table 1. Thermal transmittance values of building envelopes (W - m=2 - K™1).

BNbD 2.01-03-1992 BNbD 2.01-03-1997 BNbD 23-02-2009 BNbD 25-01-2020

Uwan 0.7 0.26 0.26 0.27
U loor 0.35 0.18 0.18 0.18
Ueiling 0.52 0.2 0.2 0.21

Uwindow 2.38 1.85 1.55 1.59

In parallel, the influence of thermal mass on building thermal behavior has been ex-
tensively investigated. Previous studies have shown that thermal mass affects heat storage
and release processes, indoor temperature fluctuations, and building energy demand [28-
30]. Recent studies have further demonstrated that thermal mass interacts with window
performance and window-to-wall ratio (WWR), significantly influencing building ther-
mal performance [29].

Despite these developments, many building standards and simplified engineering
calculations continue to represent heating demand primarily using steady-state heat
transfer and envelope U-values, with limited consideration of thermal-mass effects [28,30].

As insulation levels improve, heating load behavior becomes increasingly sensitive
to the window-to-wall ratio (WWR) because of the effects of solar gains and building ther-
mal mass [30,31]. In contrast, the volumetric method adopted in district heating standards
represents heating load variation mainly through changes in outdoor air temperature
while maintaining a fixed normative specific heat-loss coefficient for a given building cat-
egory.

Consequently, although the effects of thermal mass, solar gains, and window charac-
teristics on building thermal performance have been widely investigated, limited atten-
tion has been given to how these factors influence the accuracy and applicability of sim-
plified volumetric heating load methods. In particular, their influence on the applicability
and accuracy of volumetric heating load methods in buildings constructed under contem-
porary insulation standards remains unclear.

This study contributes to the literature by systematically evaluating the applicability
of steady-state volumetric heating load methods under varying envelope conditions and
by demonstrating how insulation level, WWR, and envelope-related dynamic character-
istics affect their accuracy in district-heating applications.

Therefore, this study aims to evaluate the applicability, accuracy, and limitations of
the steady-state volumetric method under varying building-envelope conditions by com-
paring its predictions with dynamic simulation results. Particular attention is given to the
influence of insulation level, envelope type, and window-to-wall ratio on the accuracy of
heating load estimation.
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2. Methodology

A simplified single-zone residential model was adopted to evaluate the effects of
building envelope type and WWR on heating load estimation. Three envelopes were con-
sidered, and five WWR scenarios ranging from 10% to 30% were examined with each en-
velope, resulting in a total of 15 cases. Heating loads obtained from normative, steady-
state-based methods were analyzed for all cases. The cases represent typical residential
buildings under different insulation standards.

Heating loads were calculated using two simplified approaches. Method 1 was based
on the tabulated normative specific heat-loss values prescribed in the Mongolian district
heating (DH) standard; in Method 2, the normative coefficient was recalculated for each
case using the extended formulation proposed by Fouda et al. [25], incorporating building
geometry, envelope thermal properties, and solar radiation effects. Results from both
methods were benchmarked against a dynamic simulation performed using the Thermal
Environmental Performance Simulator for Heat, Air, and Moisture (THERB for HAM).
The analysis focused on peak heating load, hourly load, monthly consumption, and an-
nual heating demand, reflecting typical design and operational metrics in DH systems.

Consistent boundary conditions were applied across all methods using meteorolog-
ical data for Ulaanbaatar in 2020, and the indoor air temperature was maintained at 20 °C
in all models. To ensure methodological consistency, the same hourly outdoor air temper-
ature data used in THERB for HAM were also applied in Method 1 and Method 2. Because
Method 1 does not account for mechanical ventilation or internal heat gains (e.g., occu-
pants, equipment, and lighting) in residential buildings, these factors were likewise ex-
cluded from Method 2 and the dynamic simulation. Internal gains were excluded to iso-
late envelope-related effects. To represent the background natural air exchange in me-
chanically unventilated dwellings, a constant infiltration rate of 0.3 ac/h was applied in
THERB for HAM. This value was held constant across all cases and was not treated as a
study variable, since steady-state volumetric methods do not explicitly account for infil-
tration as a separate physical process. Incident solar radiation on building surfaces was
obtained from the dynamic simulation and used as input for Method 2 calculations.

2.1. Building Models

To compare normative methods with dynamic simulation under consistent condi-
tions, three representative single-family residential building envelope models were de-
fined. Model 1 corresponds to pre-1990 housing, whereas Models 2 and 3 represent post-
1990 buildings with improved insulation. Envelope types and WWR scenarios were ex-
amined together in this study.

2.1.1. Building Geometry and WWR

A simplified single-family residential model (6 m x 9 m plan, height 2.4 m; floor area
54 m?) was adopted to isolate methodological differences.

In the normative specific heat loss value, the Mongolian DH standard assumes a fixed
WWR of 18%, inherited from earlier Russian construction norms under which the WWR
was limited based on window thermal performance [32]. As a result, WWR variability is
not explicitly reflected in the tabulated normative heat-loss values. However, in practice,
WWR varies considerably across residential buildings and directly influences heating de-
mand and associated energy costs [33,34].

To examine whether the fixed WWR assumption embedded in the DH standard re-
mains appropriate under contemporary building conditions and evaluate the capability
of Method 2 to capture this effect, five WWR scenarios ranging from 10% to 30% were
considered. In all scenarios, fixed 1.5 m x 1.5 m windows were assumed on the east and
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west facades, and the prescribed variations were applied exclusively to the south-facing
facade. This configuration emphasizes solar gains under representative exposure condi-
tions. The geometric configuration and window-area variations are illustrated in Figure 2,
and the envelope construction types are shown in Figure 3.

South window
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Figure 2. Simplified residential building model and WWR configurations: (a) building model; (b)
WWR types.
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Figure 3. Envelope wall types used in the building models: (a) Model 1: concrete wall; (b) Model 2:

insulated concrete wall; (c) Model 3: insulated wood-framed wall.

The geometric properties under the different WWR scenarios are summarized in Ta-
ble 2.

Table 2. Geometric properties of the building model.

Window to Wall Ratio (WWR)

Model Unit T 0% 15% 20% 25%  30%
Wall area m?2 64.8 61.2 57.4 54 50.4
Total window area m2 7.2 10.8 14.4 18 21.6
Building height m 2.4
Roof and base area m? 54
Building perimeter m 24
Building volume m?3 129.6

2.1.2. Building Envelope

The three building envelope models were selected to represent typical residential
construction practices before and after the implementation of updated insulation stand-
ards. Envelope layer compositions and thermophysical properties were defined for each
model and used as inputs for Method 2 and the dynamic simulation. The corresponding
wall construction typologies are illustrated in Figure 3.

The envelope thermal transmittance values (U-values) are summarized in Table 3.
Model 1 represents a pre-1990 heavyweight concrete envelope designed according to ear-
lier thermal standards, whereas Models 2 and 3 represent contemporary envelopes de-
signed in accordance with BNbD 25-01-20. Model 2 is a heavyweight insulated envelope,
whereas Model 3 is a lightweight insulated envelope. Models 2 and 3 were assigned iden-
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| Method2 || Method1 |

Method 3

tical U-values but different structural masses, enabling the influence of thermal mass to
be examined independently of insulation performance.

Table 3. Comparison of the U-values of the envelope for each model.

U-Values (W -m=2-K™1)

Envelope Type Wall Roof Floor Window
Model 1 1.227 0.268 1.064 1.107
Model 2 0.272 0.204 0.176 0.61
Model 3 0.272 0.204 0.176 0.61

The detailed thermophysical properties of the envelope materials for each building
model are presented in Appendix A.

2.2. Calculation Method

This study adopted a three-tier methodological framework to evaluate the applica-
bility of the steady-state volumetric heating load method under contemporary building
envelope conditions. This framework enables systematic comparisons among the norma-
tive implementation, the recalculated formulation, and physically based dynamic simula-
tion results. Method 1 represents current engineering practice, in which the specific heat-
loss coefficient is selected directly from tabulated normative values provided in the Mon-
golian DH standard. Method 2 recalculates the coefficient for each case using model-spe-
cific geometric parameters, envelope thermal properties, and solar radiation terms based
on the extended formulation proposed by Fouda et al. [25]. Dynamic building energy sim-
ulation was utilized as a reference approach. This framework enables systematic compar-
isons between normative implementation, recalculated formulation, and physically based

dynamic simulation results.

The research framework and methodology adopted in this study are illustrated in

Figure 4.

[ INPUT PARAMETERS ] [ CALCULATION STEPS

[ OUTPUTS }

-
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Figure 4. Research framework for the evaluation of heating load calculation methods.

The building heating load was expressed in its volumetric form as follows:
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Qbui = Ibui * Vi * (tin — tout) 1)

where Qpy; is the building heating load (W), qy,; is the specific heat-loss coefficient (W -
m=3 - K1), Vp,; is the volume of the building (m?), and t,,, and t;, are the outdoor and
indoor air temperatures (°C), respectively.

Equation (1) forms the basis of both Method 1 and Method 2, with the only difference
being the determination of the specific heat-loss coefficient gq,;. In Method 1, qy,,; is se-
lected from tabulated normative values provided in the DH standard. In Method 2, qp,;
is recalculated for each case using the improved formulation proposed by Fouda et al.,
and the resulting values are evaluated through comparison with dynamic simulation out-
puts.

2.2.1. Method 1: Standard-Based Normative Value Approach

In Method 1, the specific heat-loss coefficient q;,; is selected directly from tabulated
normative values provided in existing design standards, without any recalculation of the
value based on building geometry or envelope properties. This approach reflects current
DH design practice in Mongolia, where heating loads are commonly estimated using tab-
ulated normative coefficients specified in national standards.

In Mongolia, the national district heating standard (BNbD 41-02-13) recommends
adopting Russian normative values for buildings constructed before 1990, whereas post-
1990 buildings are evaluated directly under BNbD 41-02-13. Accordingly, Model 1 (pre-
1990 single-family housing) adopts a specific heat-loss coefficient of 1.07 W-m=-K-! from
Russian normative data. Since the reference building volume (129.6 m?3) does not exactly
match any category in the normative table, the value corresponding to the nearest volume
category (~100 m3) was selected, as summarized in Table A4 of Appendix B [35]. Models
2 and 3 (post-1990 single-family housing) follow BNbD 41-02-13. Since the reference build-
ing floor area (54 m?) does not exactly match any category in the standard table, the value
of 0.579 W-m=3-K-! corresponding to the nearest floor-area category (~50 m?) was selected,
as summarized in Table A5 of Appendix B [19].

2.2.2. Method 2: Model-Based Specific Heat-Loss Calculation

In Method 2, the extended formulation proposed by Fouda et al. [25] was adopted to
investigate the physical basis of the normative heating load method. This formulation is
based on Ermolayeva’s specific heat-loss formulation [36], which forms the basis of the
normative specific heat-loss coefficients adopted in the DH standard. By incorporating
solar heat gains into the original formulation, the extended model enables specific heating
loads to be estimated while accounting for solar gains.

Accordingly, the specific heating load considering solar gains was calculated as fol-
lows:

Qng = 9bui * (tin - tout) — Qso1 (2)

where g, is the specific heating load considering solar gains (W - m™3), qp,; is the spe-
cific heat loss obtained from Equation (3) (W -m™3-K™1), and g, represents the solar
heat gain per building volume (W -m™3).

The specific heat-loss coefficient q,,; was then calculated using Ermolayeva’s for-
mulation:

- 1 U 2
#Wd+—>+f+ HUwa de]

1
Qpui = [ZUwall (T a b 3)
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where a,b, and h represent building length, width, and height (m), respectively; p,,q is
WWR (H __ window area
wd —

wall, window, and ceiling (W - m~2 - K1), respectively.

m) ; and U,,qu, Uy, and U, are the thermal transmittance of

The solar heat gain was calculated as follows:

Aso1 = [1 b'qu Uwan sz}:t + Uce % + %[snlnzn&g “4)
where I;and I, are the intensity of solar radiation on the surfaces of the south wall and
ceiling (W - m™2); p is the rate of solar radiation absorption by surfaces of the south wall
and ceiling, which is 0.4 for Models 1, 2, and 3; ny, n,, and n; represent the rates of re-
duction in radiation heat gains, which are n; = 1 (south facing), n, = 1 (impact of win-
dow frame), and n; = 1 (dust); and B = 1.0, which is the rate of the inside curtain effect.
Hourly horizontal solar radiation [, was obtained from the meteorological weather da-
taset, and solar radiation on the south-facing wall I; was derived from I, based on solar
position and surface orientation, following the methodology proposed by Fouda [24, 25].
In addition, identical values were used for the solar heat gain reduction factors (ny, n,, n3)
and f in both methods to maintain consistent input conditions.

Envelope thermal transmittance values were calculated as follows:

1

U= 1 5)

Xout

1 o
— 4+ Y14
Ain Z li
where @, and @;, are the outside and inside heat convection coefficients (W -m=2-
K1), with values of a,,, =23 and a;, =8 [19]. §; is the thickness of material layers
(m), and 4; is the thermal conductivity (W - m™! - K~1) of each material layer.

Finally, the building heating load was obtained as follows:

Qpui = Viui * dng (6)

Equation (6) is a reformulation of Equation (1) in which the specific heating load consid-
ering solar gains, g, is used in place of the normative specific heat-loss coefficient.

2.3. Dynamic Simulation

Dynamic building energy simulation, commonly used in building energy studies,
was used as a physics-based benchmark to generate a transient reference for building heat
demand, capturing heat transfer processes not captured by steady-state normative meth-
ods. Calculations associated with Methods 1 and 2 were computed independently using
Equations (1)—(4) outside of the simulation environment, following the procedures speci-
fied in BNbD 41-02-13 [19] and Fouda et al. [25].

Separately, dynamic heating loads were obtained using the Thermal Environmental
Performance Simulator for Heat, Air, and Moisture (THERB for HAM). It was used exclu-
sively to resolve transient heat transfer within the building envelope and indoor air,
providing hourly heating demand profiles for benchmarking purposes [37]. The software
solves coupled heat and moisture transport equations and has been validated through
standardized benchmark tests such as BESTEST [38].

Within THERB for HAM, heat transfer in envelope materials is governed by the tran-
sient energy balance equation:

d0(CpT)
ot

+ CojiwVT = VAVT 7)

where C and p are the specific heat and specific weight of the material containing water,
respectively; ¢, pw, and jj, are the specific heat, specific weight, and flux of liquid
phase water, respectively; and A is the thermal conductivity.
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Boundary conditions were determined using Equation (8):
oT
—A 9 =ac(Ty =T + s + qur 8)
nU

Temperature, °C

40.0
30.0
20.0
10.0

g
o

—-10.0
—20.0
-30.0
—40.0

where n,, is the normal line vector directed inward on a boundary surface, «. isthe con-
vective heat transfer coefficient, T, and T; are the temperatures of the air and surface,
respectively, and g and g, are the short- and long-wave radiant heat, respectively.

2.4. Weather Data and Calculation Conditions

The study site, Ulaanbaatar, Mongpolia, is one of the coldest capital cities in the world.
Hourly meteorological data were analyzed to characterize the local climate conditions.
Figure 5 illustrates the annual variation in key meteorological variables used in the anal-
ysis. December was the coldest month, with an average temperature of —20.2 °C and a
minimum temperature of -32.7 °C, demonstrating the severe winter conditions that
strongly influence district heating demand.

Outdoor air temperature Solar radiation

1.6
14
12

F 0.8
0.6
- 04
F 02

==
=
—
=
Solar radiation, kW

Jan

! ! T T ! T 1 ! ! i r 0.0
Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5. Meteorological indicators of Ulaanbaatar used in the simulations.

Weather data for Ulaanbaatar (47.93° N, 106.98° E; elevation 1316 m) were obtained
from an IWEC (International Weather for Energy Calculations) EPW weather file [39]. The
dataset includes hourly outdoor air temperature, relative humidity, solar radiation, wind
speed, and wind direction. Among these variables, outdoor air temperature, relative hu-
midity, and solar radiation were the principal climatic parameters considered in the anal-
ysis and are presented in Figure 5. The same EPW weather file was used throughout the
study as the meteorological input for all analyses and simulations.

2.5. Evaluation Criteria

Relative error was used to assess bias, and the coefficient of determination (R?) was
used to quantify the overall agreement between the simplified methods and the dynamic
simulation results.

Specifically, the coefficient of determination (R?) was used to evaluate the agreement
between the heating load values calculated using the steady-state volumetric method
(Method 1 or Method 2) and those obtained from the dynamic simulation using THERB
for HAM:

XA - )?

Y(4; - A)?
where A4; is the observed value (THERB for HAM results), Y; is the predicted value
(Method 1 or Method 2), and A is the mean of the observed values (mean of THERB for

R?=1 )
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HAM results). R?, which ranges from 0 to 1, reflects the quality of fit between the predicted
and observed values.

The relative error (RE) was calculated as follows:
Y -4

RE
4;

(10)

Finally, the mean absolute error (MAE) was used to quantify the average deviation
between the heating loads predicted by the simplified methods and those obtained from
the dynamic simulation:

N
1
MAEz—ZIyi—?iI (11)
N 4
=1
where N is the number of samples.

3. Results

Heating load calculations were compared across 15 cases (three envelope models x
five window-to-wall ratio (WWR) scenarios) using the common weather dataset described
in Section 2.2. In district heating practice, the volumetric method is commonly used under
data-limited conditions to estimate hourly heating loads, determine peak load for system
sizing, calculate seasonal energy demand, and represent load distribution with load du-
ration curves (LDCs). Accordingly, the results are presented in four sections.

3.1. Hourly Heating Load

Hourly heating loads during the heating season (October 1-April 30) were calculated
using dynamic simulation with THERB for HAM and two simplified methods (Method 1
and Method 2). To illustrate the hourly variation in heating loads, a representative period
from January 1 to January 14, corresponding to the coldest conditions of the heating sea-
son, was selected. The results are presented in Figures 6 and 7.

The dynamic reference results shown in Figure 6 indicate that both the envelope type
and WWR influence hourly heating load behavior. For example, Model 1 exhibited larger
load fluctuations at WWR = 30%, whereas Model 2 occasionally reached 0 kW during
some hours under WWR = 25-30% conditions. In addition, although Model 2 and Model
3 have identical U-values, they exhibit different dynamic responses due to differences in
thermal mass. Different heating load behavior was observed between the models despite
identical U-values. This result demonstrates that thermal mass significantly affects heat-
ing load dynamics even with identical U-values, highlighting a limitation of simplified
methods that rely solely on transmission parameters.

For Method 1, the hourly heating load generally followed an inverse relationship
with outdoor air temperature and showed limited ability to represent the influence of en-
velope type and WWR on hourly heating load behavior (Figure 7a). This behavior occurs
because the Mongolian DH standard defines the normative specific heat-loss coefficient
as a fixed value that does not vary with envelope type or WWR. Consequently, Method 1
shows limited capability to represent the dynamic differences observed between Model 2
and Model 3.

In contrast, Method 2 recalculates the envelope-specific heat-loss coefficient for each
case using the improved formulation proposed by Fouda et al., which incorporates the
influence of solar radiation, as well as the actual U-values and WWR. As a result, the dif-
ferences in heating loads between the models are more clearly reflected (Figure 7b,c).
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Figure 6. Hourly heating loads obtained from dynamic simulation under different window-to-wall
ratio (WWR) scenarios.
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Figure 7. Hourly heating loads calculated by Method 1 and Method 2 for different models and WWR
scenarios.

The performance of the simplified methods was evaluated using the mean absolute
error (MAE) and the coefficient of determination (R?), calculated using all hourly heating
load values over the entire heating season, as summarized in Table 4. MAE quantifies the
magnitude of the deviation from the dynamic simulation results, whereas R2 indicates the
strength of the statistical relationship between the simplified methods and the dynamic
reference.
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Table 4. Performance of simplified methods evaluated using mean absolute error (MAE, kW) and

coefficient of determination (R?).

Method 1 Method 2
Model WWR MAE R MAE R
10% 1.24 0.78 0.61 0.83
15% 1.44 0.79 0.56 0.77
Model 1 20% 1.72 0.74 0.56 0.71
25% 2.06 0.66 0.68 0.65
30% 2.56 0.58 0.98 0.60
10% 1.05 0.81 0.50 0.56
15% 1.16 0.74 0.45 0.48
Model 2 20% 1.29 0.63 042 042
25% 1.43 0.57 0.45 0.39
30% 1.56 0.47 0.56 0.37
10% 1.05 0.74 0.51 0.56
15% 1.16 0.63 0.49 0.48
Model 3 20% 1.47 0.53 0.39 042
25% 1.39 0.50 0.51 0.39
30% 1.48 0.44 0.61 0.37

For Model 1, the MAE increased from 1.24 to 2.56 kW as the WWR increased from
10% to 30%, indicating that the discrepancy between Method 1 and the dynamic simula-
tion increases with increasing WWR. In contrast, Model 2 and Model 3 showed similar
MAE values in the range of 1.05-1.56 kW, suggesting that Method 1 cannot adequately
distinguish the influence of envelope type and thermal mass on hourly heating loads. For
Method 2, the MAE values were significantly reduced. For example, the MAE decreased
from 1.05 kW to 0.5 kW for Model 2 at WWR =10% and from 2.56 kW to 0.98 kW for Model
1 at WWR = 30%. This improvement indicates that recalculating the envelope-specific
heat-loss coefficient substantially reduces the discrepancy between the simplified method
and the dynamic simulation by accounting for envelope characteristics and solar gains.

The R? values presented in Table 4 further confirm this trend. At WWR = 10%, the R?
values ranged from 0.74 to 0.81 for Method 1 and from 0.56 to 0.83 for Method 2, indicating
a relatively strong correlation with the dynamic simulation. However, for Models 2 and
3, the correlation gradually decreased as the WWR increased, with R? values declining
from approximately 0.56 at WWR =10% to 0.37 at WWR = 30%. This trend suggests that
although Method 2 reduces the magnitude of the error, simplified steady-state formula-
tions still struggle to reproduce the temporal variation in heating loads under higher solar
gains and larger window areas. As the WWR increased, solar gains became more influen-
tial, causing greater short-term fluctuations in the dynamic simulation results. Because
these dynamic effects are not fully represented in the steady-state formulation, agreement
with the dynamic simulation decreased. Consequently, Method 2 can reasonably estimate
the magnitude of heating demand but cannot fully reproduce the timing and temporal
variability captured by the dynamic simulation.

Overall, these results indicate that Method 1 shows limited sensitivity to variations
in envelope type and does not explicitly account for changes in WWR, whereas Method 2
better captures their effects by recalculating the envelope coefficient for each case. Never-
theless, the MAE and R? values indicate that short-term hourly variations are not fully
represented by the simplified steady-state formulation. In addition, improved insulation
increases the relative influence of window size, making the WWR a more important factor
in hourly heating load variation than in the poorly insulated Model 1, highlighting the
increasing importance of solar gains and glazing area in highly insulated buildings. Over-
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all, these results indicate that the accuracy of steady-state methods is strongly dependent
on building configuration and operating conditions rather than being uniform across
cases.

3.2. Peak Heating Load

Accurate estimation of peak heating load is essential in district heating (DH) system
design because it determines the required capacities of heat production units and distri-
bution equipment, as well as pipeline sizes. The peak heating loads obtained from the
dynamic simulation and the simplified methods were therefore compared for different
envelope models and WWR conditions.

The dynamic simulation results showed that the peak heating load generally in-
creased as the WWR increased across all models (Figure 8). In Model 1, the peak load
increased from 5.69 kW at WWR = 10% to 6.35 kW at WWR = 30%. Similar trends were
observed in Models 2 and 3, where the peak loads rose from 2.89 to 4.53 kW and from 3.40
to 4.91 kW, respectively. Although these two models have identical U-values, differences
in thermal mass resulted in different peak-load responses. At WWR = 10-30%, Model 3
exhibited peak loads approximately 4-31% higher than those of Model 2.

x
=
)

OMethod 1 ©Method 2 O Dynamic

Peak load, kW
A~ o
=) =)

g
=}
|

ol Lol ] L

10% ‘ 15% ‘ 20% ‘ 25% ‘ 30% | 10% ‘ 15% ‘ 20% ‘ 25% ‘ 30%
Model 2 Model 3
Envelope type and WWR

15
=

10% | 15% | 20%

Model 1

25% | 30%

Figure 8. Comparison of peak heating load calculated using Method 1, Method 2, and dynamic sim-

ulation.

Figure 9 presents the relative errors of the peak heating load for different envelope
types. Method 1 exhibited distinct error patterns across envelope models. For Model 1, the
peak heating load was consistently overestimated, with relative errors ranging from 15.1%
to 28.5%. Models 2 and 3 showed overestimation at WWR = 10-25%, with relative errors
ranging from —3.2% to 36.8%, whereas at WWR = 30%, the peak load was underestimated,
with relative errors of —12.7% for Model 2 and -19.4% for Model 3. This behavior reflects
the use of fixed normative heat-loss coefficients in Method 1, which do not account for
variations in WWR, solar gains, or glazing-related effects. In contrast, Method 2 consist-
ently underestimated the peak heating load, with relative errors ranging from -5.7% to
—62.6%. This systematic underestimation indicates that accounting for solar radiation
alone is insufficient for accurate peak-load prediction.

Overall, the results indicate that the accuracy of Method 1 depends strongly on the
selected normative heat-loss coefficient, resulting in both overestimation and underesti-
mation of peak heating loads. In contrast, Method 2 incorporates solar radiation effects
through the recalculation of the specific heat-loss coefficient; however, its ability to im-
prove peak-load estimation remains limited. The increasing underestimation observed
with increasing WWR suggests that peak-load conditions cannot be adequately repre-
sented by a steady-state treatment of solar gains alone. Instead, peak heating loads are
also influenced by thermal mass and thermal inertia, particularly in highly insulated
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buildings. Consequently, refining the volumetric method by incorporating solar radiation
effects alone may still result in substantial underestimation of peak heating loads.
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Figure 9. Relative error (%) of peak heating load for different envelope types.

The relationship between the peak heating load and the heating load corresponding
to the minimum outdoor temperature is shown in Figure 10. According to the DH stand-
ard, the peak heating load is assumed to occur at the lowest outdoor temperature of the
coldest month. However, the dynamic simulation results showed that the peak load did
not necessarily coincide with the minimum outdoor temperature. Therefore, for each case,
the heating load at the minimum outdoor temperature was compared with the actual peak
heating load from the dynamic simulation.

O1In low temp, -32.7 OMax load in every time

HHHHHHHHH HHHHHHHH

15% ‘ 20%
Model 1

10% 25% | 30% 10% 15% 20% | 25% | 30% | 10% | 15% 20% 25% 30%

Model 2 Model 3
Envelope type and WWR

Figure 10. Peak heating load and heating load at —32.7 °C obtained from dynamic simulation.

The quantitative differences between these two values for each case are summarized
in Table 5.

Table 5. Peak heating load and heating load at the minimum outdoor temperature (-32.7 °C) from

dynamic simulation for different envelope models and WWRs.

Model WWR Peak (kW) -32.7 °C (kW) Difference (%)
10% 5.69 5.39 —5.27
15% 5.69 5.28 -7.21
Model 1 20% 5.72 5.17 —9.62
25% 5.86 5.08 -13.31
30% 6.35 5.06 —-20.31
10% 2.89 2.54 —12.11
15% 3.03 2.62 —13.53
Model 2 20% 3.26 2.76 —15.34
25% 3.63 3.00 —17.36
30% 453 3.60 —20.53
Model 3 10% 3.40 2.52 —25.88

https://doi.org/10.3390/en19133224


https://doi.org/10.3390/en19133224

Energies 2026, 19, 3224 16 of 26
15% 3.52 2.60 —26.14
20% 3.37 2.48 —26.41
25% 4.08 3.01 —26.23
30% 491 3.62 —26.27

25.0

Annual heating, MWh
w S a8
o o o o

e
<

The dynamic simulation results showed that the peak heating load did not neces-

sarily occur at the minimum outdoor temperature. For Model 1, the heating load corre-
sponding to -32.7 °C was 5-20% lower than the actual peak load, with the discrepancy
increasing as the WWR increased. A similar trend was observed for Model 2, where the
difference increased from approximately 12% at WWR = 10% to 21% at WWR = 30%. In
contrast, Model 3 exhibited a consistently larger discrepancy of approximately 26% across
all WWR conditions. Unlike Models 1 and 2, the discrepancy in Model 3 remained nearly
constant across all WWR conditions, indicating that peak-load occurrence was influenced

more strongly by factors other than WWR. This finding challenges the fundamental as-

sumption of steady-state design practice that peak load occurs at the minimum outdoor

temperature.

3.3. Seasonal Heating Energy Demand

The seasonal heating energy demand for all cases was calculated for the heating sea-
son (October 1-April 30), and the results obtained from the simplified methods were com-
pared with those from the dynamic simulation. The comparison across the 15 cases is pre-

sented in Figure 11. The dynamic results show that seasonal heating demand decreases
significantly as the WWR increases for all three models. In Model 1, the seasonal heating
demand decreased from 14.97 MWh at WWR =10% to 8.13 MWh at WWR =30%. In Model
2, the seasonal heating demand decreased from 6.13 MWh to 3.59 MWh as the WWR in-
creased from 10% to 30%. Similarly, in Model 3, the demand decreased from 6.09 MWh to
4.02 MWh. This indicates that solar gains and thermal storage play a dominant role in

reducing heating demand under higher WWR conditions.

In contrast, Method 1 produced constant values irrespective of WWR, with annual
heating demands of 21.13 MWh for Model 1 and 11.44 MWh for Models 2 and 3, which
significantly overestimated the seasonal heating demand compared with the dynamic re-
sults. Depending on the model, under low WWR conditions (10-20%), the estimates were
approximately 1.9-9.5 times higher, but the discrepancy increased with the WWR as dy-

namic demand decreased sharply.

OMethod 1 O Method 2 O Dynamic

| |l L Lo Ll o i

10% |

15% | 20% | 25% | 30% | 10% | 15% | 20% | 25% | 30%
Model 2

Model 1

10% | 15% | 20% | 25% | 30%
Model 3

Envelope type and WWR

Figure 11. Comparison of seasonal heating demand obtained from Method 1, Method 2, and dy-

namic simulation.

Method 2 accounted for geometric characteristics and reproduced the overall de-

creasing trend of seasonal heating demand with increasing WWR. In Model 1, seasonal
heating energy decreased from 13.70 MWh to 12.13 MWh as the WWR increased from 10%
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to 30%. Similar reductions were observed in Models 2 and 3, where the predicted values
decreased from 3.74 MWh to 3.54 MWh. However, the reduction predicted by Method 2
was considerably smaller than that obtained from the dynamic simulation. Although
Method 2 reduced the error relative to Method 1 by partially accounting for solar heat
gains, it did not account for the building’s thermal mass. As a result, noticeable discrep-
ancies remained between the simplified and dynamic results, particularly under condi-
tions with larger window areas. This suggests that accounting for solar gains alone is in-
sufficient to reproduce the combined effects of solar radiation and thermal mass.

Table 6 summarizes these differences using peak heating load, seasonal heating en-
ergy, and their relative errors. For seasonal heating energy in Model 1, Method 1 consist-
ently overestimated the dynamic results, with relative errors ranging from 41.2% to
159.8%. Method 2 substantially reduced the error, with relative errors ranging from —8.4%
to 49.1%. Unlike Models 2 and 3, Method 2 shifted from slight underestimation to overes-
timation as the WWR increased, suggesting that solar-gain effects were represented dif-
ferently in the poorly insulated envelope. For Model 1, Method 2 slightly underestimated
seasonal heating energy at WWR = 10-15%, with relative errors of -8.4% to —4.2%, but
overestimated it at WWR = 20-30%, with relative errors ranging from 3.7% to 49.1%. For
Model 2, Method 2 underestimated the dynamic results across all WWR values, although
the error decreased from -39.0% at WWR =10% to —-1.5% at WWR = 30%. The decreasing
underestimation with increasing WWR suggests that the representation of solar gains be-
comes increasingly effective as the window area increases. A similar trend was observed
for Model 3, where the underestimation decreased from —38.6% to —11.8%. While Method
1 generally produced large overestimations that became more pronounced as the WWR
increased, Method 2 provided closer agreement with the dynamic simulation results, alt-
hough noticeable discrepancies remained depending on the envelope type and WWR.

Table 6. Peak heating load and seasonal heating energy with relative errors.

Peak Heating Load (kW) RE1 RE2 Seasonal Heating (MWh)

o, o,
Model - WWR Dyn Method1 Method2 (%) (%) Dyn Method1l Method2 RE1 (%) RE2 (%)
10%  5.69 7.31 5.37 283 =57 1497 21.13 13.70 41.2 -84
15%  5.69 7.31 5.36 285 —58 13.87 21.13 13.29 52.4 —4.2
Model1 20% 5.72 7.31 5.34 277 —6.6 1239 21.13 12.84 70.6 3.7
25%  5.86 7.31 5.33 247 -9.1 10.67 21.13 12.47 98.0 16.8
30%  6.35 7.31 5.32 151 -163 8.13 21.13 12.13 159.8 49.1
10%  2.89 3.95 1.68 36.8 —419 6.13 11.44 3.74 86.6 -39.0
15%  3.03 3.95 1.72 30.6 —43.3 558 11.44 3.63 105.1 —34.9
Model2 20%  3.26 3.95 1.76 213 —461 4.88 11.44 3.57 1345 268
25%  3.63 3.95 1.80 90 505 421 11.44 3.54 1714 -159
30%  4.53 3.95 1.83 —-127 -59.5 3.59 11.44 3.54 218.1 -1.5
10%  3.40 3.95 1.68 16.3 —50.6 6.09 11.44 3.74 87.7 —38.6
15%  3.52 3.95 1.72 124 -51.2 5.58 11.44 3.63 105.0 —34.9
Model 3 20%  3.37 3.95 1.76 174 —-478 3.97 11.44 3.57 1879 -10.2
25%  4.08 3.95 1.80 -31 =560 4.44 11.44 3.54 1574 =202
30% 491 3.95 1.83 -194 —-62.6 4.02 11.44 3.54 1848 —11.8

Note: Dyn—dynamic simulation; RE1, RE2—relative errors of Method 1 and Method 2.

Overall, Method 1 consistently overestimated seasonal heating demand across all
models and WWR conditions, whereas Method 2 substantially reduced the error and re-
produced the overall decreasing trend associated with increasing WWR. For the insulated
Models 2 and 3, Method 2 showed relatively good agreement with the dynamic simula-
tion at higher WWR values, although noticeable discrepancies remained. These results
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suggest that seasonal heating energy demand is increasingly influenced by WWR and so-
lar gains, whereas the influence of envelope-related thermal mass differences is less pro-
nounced than in peak-load or hourly load analyses.

3.4. Load Duration Curve (LDC) Analysis

To further examine how heating demand is distributed over time and to compare
differences between dynamic simulation and steady-state volumetric methods, load du-
ration curves (LDCs), commonly used in district heating systems to represent peak and
base-load demand and to inform system evaluation and equipment selection decisions,
were constructed by ranking the heating load results in descending order (Figure 12).
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Figure 12. Load duration curves (LDC) of heating demand: (a) Method 1; (b) Method 2; (¢) Dynamic

simulation.

The results of Method 1 are presented in Figure 12a. Because the calculated values
do not vary across WWRs of 10-30%, only one load duration curve is shown for each
model. Method 1 consistently overestimates the heating load for all models. In contrast,
the steady-state volumetric method with physically derived coefficients (Method 2) exhib-
its weaker sensitivity to window size and shows smaller differences between envelope
types than those observed in the dynamic simulation (Figure 12b). The dynamic simula-
tion results show that envelope effects vary across cases, with window size exerting a
particularly strong influence (Figure 12c). Consequently, discrepancies between the
curves, the steady-state methods, and the dynamic simulation become more pronounced
during milder periods of the heating season, when the influence of outdoor temperature
decreases and the relative contribution of solar gains increases, rather than during peak
winter conditions.

The load duration curves help explain the differences in annual heating energy ob-
served in the previous section. This relationship becomes more pronounced with increas-
ing insulation level, suggesting that window area plays an increasingly important role in
seasonal heating demand. Furthermore, although Models 2 and 3 show similar annual
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heating-energy characteristics, Model 3 exhibits a more pronounced peak-load response,
indicating that thermal mass has a greater influence on short-term heating load variations
than on annual energy demand. The dynamic simulation revealed substantial variations
in LDCs among the cases. In the insulated Models 2 and 3, larger WWR values substan-
tially shortened the duration of non-zero heating demand, whereas the effect was less
pronounced in Model 1. Method 1 showed no variation across WWR conditions, while
Method 2 captured these differences only partially.

4. Discussion
4.1. Interpretation of Heating Load Behavior

Rather than being uniform, the accuracy of steady-state volumetric methods is
strongly condition-dependent. This behavior can be explained by the increasing influence
of solar gains as building insulation improves. As the window-to-wall ratio increases, so-
lar radiation contributes more significantly to the building energy balance, but steady-
state formulations primarily account for conductive heat losses and do not adequately
represent solar gains, leading to systematic overestimation in normative steady-state ap-
proaches that neglect these effects. This may partly explain why the accuracy of the volu-
metric method varies across different WWR conditions [29].

Consistent with previous studies highlighting the importance of thermal mass in
governing building thermal behavior [28-30], the present results indicate that its influence
becomes increasingly important under conditions where conductive heat losses are re-
duced. This was particularly evident during transitional and low-load periods. These
findings further suggest that thermal mass may affect the accuracy of volumetric heating
load methods widely used in district heating practice, particularly in well-insulated build-
ings. In contrast, the influence of thermal-mass effects appears to be less pronounced in
older, poorly insulated buildings, where conductive heat losses dominate the overall heat-
ing load behavior.

Furthermore, the mismatch between peak heating load and minimum outdoor tem-
perature indicates that peak conditions are influenced by dynamic factors, highlighting a
fundamental limitation of steady-state design assumptions. The observed differences of
approximately 5-26% suggest that the common assumption of coincident peak load and
minimum outdoor temperature may not always be valid, particularly in insulated build-
ings.

4.2. Implications for District Heating Applications

From a practical perspective, the applicability of steady-state methods should be in-
terpreted as condition-dependent. They generally provide more reliable estimates under
low solar influence and high heating demand, but their accuracy decreases as solar gains
and thermal-mass effects become more significant. In addition, the use of normative tab-
ulated values may introduce uncertainties associated with the selection of representative
building categories and heat-loss coefficients, further affecting reliability.

In district heating practice, many buildings are typically involved, but detailed build-
ing-level data are often unavailable, particularly in cold-climate regions [13]. Under such
conditions, the application of fully dynamic methods is often impractical. Therefore, sim-
plified steady-state approaches remain necessary for preliminary load estimation and sys-
tem planning, particularly during the early stages of district heating development.

These findings suggest that the key challenge is not to replace simplified methods
with fully dynamic simulation but to improve their applicability and reliability under var-
ying building conditions.
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In this regard, the present results highlight the importance of considering the inter-
action between WWR, solar gains, and thermal mass. The effect of the WWR was not uni-
form. Although increasing WWRs generally reduced seasonal heating demand through
higher solar gains, its influence on peak heating load was more pronounced, particularly
in the lightweight building (Model 3). Compared with Model 2, Model 3 showed greater
sensitivity to WWR, suggesting that thermal mass influences how peak heating loads re-
spond to solar gains.

4.3. Applicability Framework

Based on these findings, the applicability of steady-state methods can be categorized
according to building conditions. Under low solar influence (e.g., low WWR), steady-state
methods are generally applicable. Under moderate solar influence (e.g., medium WWR),
their use becomes conditional and may require correction. Under strong solar influence
(e.g., high WWR) and low-load conditions, the accuracy of steady-state methods decreases
substantially, and additional correction factors or improved simplified approaches may
be required. These results suggest that WWR classification and thermal-mass effects
should be considered when representing heating load variations in simplified volumetric
methods.

The load duration curve (LDC) analysis provides additional system-level insight. In
district heating systems, LDCs are used to distinguish peak- and base-load demands, sup-
porting decisions on generation capacity, equipment sizing, and operational strategies
[40]. Compared with dynamic simulation results, steady-state methods show weaker sen-
sitivity to envelope characteristics, particularly window size, and discrepancies become
more pronounced during milder periods of the heating season. This indicates that steady-
state methods tend to overestimate base-load operation, potentially leading to excessive
heat supply, indoor overheating, and reduced system efficiency.

4.4. Limitations

Several limitations of this study should be acknowledged. First, the dynamic simula-
tion results were used as a reference for comparison; however, the THERB for HAM
model results were not validated against measured building energy or indoor tempera-
ture data. Second, the analysis was conducted using a single representative weather da-
taset for Ulaanbaatar. Therefore, the results may differ when other standard weather da-
tasets, actual meteorological years, or different climatic conditions are considered. In ad-
dition, several parameters related to solar-gain estimation were set to constant values
based on previous studies, which may affect the applicability of the results under different
solar-radiation conditions. Third, the analysis was based on three representative building
models defined under simplified geometric and operational conditions. Consequently, the
findings may not fully represent the diversity of building configurations encountered in
district heating practice.

5. Conclusions

This study evaluated the accuracy and limitations of the steady-state volumetric
method for calculating building heating loads under varying building envelope condi-
tions. The results demonstrate that the accuracy of the method is not constant but follows
a condition-dependent error structure governed by envelope type, insulation level, win-
dow-to-wall ratio (WWR), and thermal mass. As insulation performance improves, these
factors exert a stronger influence, and the heating load behavior becomes increasingly
time-dependent.
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1. Method 1 and Method 2 showed substantially different performance. Method 1,
which relies on normative coefficients and outdoor temperature, consistently overes-
timated heating demand across peak, monthly, seasonal, and LDC analyses. In con-
trast, Method 2 generally produced results closer to the dynamic simulation by in-
corporating envelope-specific heat-loss coefficients and solar gains. However,
Method 2 consistently underestimated peak heating loads, with errors ranging from
—62.6% to —5.7%. Because thermal-mass effects were not explicitly considered, notice-
able differences from the dynamic reference results remained, particularly between
Models 2 and 3, despite their similar U-values.

2. The influence of the WWR became increasingly pronounced as insulation perfor-
mance improved. The largest discrepancies occurred during low-load periods, when
solar gains and thermal-mass effects became more important. While Method 1 was
unable to represent these effects, Method 2 improved the results by accounting for
solar gains. However, the remaining discrepancies indicate that explicit representa-
tion of thermal-mass effects is required to further improve volumetric heating load
methods.

3. U-value remained a dominant factor governing the overall magnitude of heating de-
mand. However, despite having similar U-values, Models 2 and 3 exhibited different
peak-load behavior, with Model 3 showing peak heating loads approximately 3-16%
higher than Model 2. In contrast, seasonal heating demand was generally similar be-
tween the two models. These results suggest that thermal mass may influence peak-
load behavior more strongly than seasonal heating demand and therefore may affect
district heating peak-load estimation more significantly than annual energy estima-
tion.

4. The largest discrepancies occurred in well-insulated buildings, particularly under
high-WWR conditions and in the low-load portion of the LDC. These results indicate
that future refinement of volumetric heating load methods should incorporate ther-
mal-mass effects in addition to solar gains, particularly for highly insulated buildings
with larger window areas. Although Method 2 improved the representation of heat-
ing-demand variation, it was unable to accurately reproduce peak-load behavior.

5. From a district heating perspective, the findings suggest that building classification
should be extended beyond conventional indicators such as floor area, volume, and
U-value to include envelope characteristics and WWR. Such information could sup-
port the development of improved simplified methods while maintaining the practi-
cality required for district heating planning and operation.

Overall, the findings demonstrate that the accuracy of volumetric heating load meth-
ods is strongly influenced by insulation level, WWR, and thermal mass effects, and that
these influences become increasingly important as building envelopes become more ther-
mally efficient. The findings provide a basis for improving simplified district heating load
estimation methods by incorporating envelope-related dynamic behavior while maintain-
ing practical applicability. Future work will focus on developing an enhanced volumetric
heating load method that explicitly incorporates solar-gain and thermal-mass effects, fol-
lowed by validation across a wider range of representative building geometries and en-
velope configurations.
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Nomenclature and Abbreviations

The following nomenclature and abbreviations are used throughout this manuscript:

Nomenclature

Qpui Building heating load, W

Qbui Specific heat-loss coefficient, W-m=3-K-!

Ang Specific heating load considering solar gains, W-m=

Gsol Solar heat gain per unit building volume, W-m™

Viui Building volume, m?

tin Indoor air temperature, °C

tout Outdoor air temperature, °C

AT Indoor-outdoor temperature difference, K

Upaur Thermal transmittance of wall, W-m=2-K-!

Uya Thermal transmittance of window, W-m=2K-!

Uce Thermal transmittance of ceiling, W-m2K"!

U; Thermal transmittance of envelope component, W-m=2K-!

I Solar radiation intensity on south-facing wall, W-m

Iy, Horizontal solar radiation intensity, W-m™2

ny Solar orientation reduction factor, —

n, Window frame reduction factor, —

ng Dust reduction factor, —

Cp Specific heat capacity, J-kg-K™*

Greek symbols

Ain Indoor surface heat transfer coefficient, W-m=2K-!

Aoyt Outdoor surface heat transfer coefficient, W-m=2-K-!

B Indoor curtain effect factor, —

6; Thickness of material layer, m

Ai Thermal conductivity of material layer, W-m-K™!

Uwd Window-to-wall ratio, —

p Material density, kg-m™

Abbreviations

DH District Heating

DHS District Heating System

BNbD Building Norms and Regulations

THERB for HAM Thermal Environment of a Residential Building for Heat, Air and Moisture
Transfer

IWEC International Weather for Energy Calculations

EPW EnergyPlus Weather

WWR Window-to-Wall Ratio

MAE Mean Absolute Error

RE Relative Error

R? Coefficient of Determination

LDC Load Duration Curve

Appendix A. Thermophysical Properties of Envelope Materials

The detailed thermophysical properties of the envelope materials used in each build-
ing model are presented in Tables A1-A3.
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Table A1. Thermophysical properties of envelope materials used in Model 1.

Envelope ) ) Thermal Conductivity Specific Heat Capacity, Density,
Componlimt Material Thickness (m) (Wem-K-D) y oP (]-kg-l-K—l)P y (kg.mz;
Wall Cement mortar 0.020 191 917 2009
Polystyrene concrete 0.350 0.55 1195 1600
Vapor barrier 0.005 0.038 1470 1800
Expanded clay 0.250 0.091 840 400
Roof Glass wool 0.025 0.039 840 56
Vapor barrier 0.0005 0.038 1470 1800
Concrete 0.220 1.619 890 2206
Cement Mortar 0.020 191 917 2009
Parquet 0.030 0.175 1880 408
Floor Glass wool 0.015 0.039 840 56
Vapor barrier 0.0015 0.038 1470 1800
Concrete 0.220 1.619 890 2206
Glass 0.003 0.78 770 2540
Window Air 0.016 0.022 1000 1.2
Glass 0.003 0.78 770 2540
Table A2. Thermophysical properties of envelope materials used in Model 2.
Envelope ; ; Thermal Conductivity Specific Heat Capacity, Density,
Componint Material Thickness (m) (W-m--K-1) y ©P (]-kg-l-K-l)p y (kg-m-zl)
Cement mortar 0.020 191 917 2009
Wall Polystyrene concrete 0.350 0.55 1195 1600
Styrofoam 0.1 0.035 1470 21
Cement mortar 0.020 191 917 2009
Vapor barrier 0.005 0.038 1470 1800
Expanded clay 0.150 0.091 840 400
Roof Styrofoam 0.100 0.039 1470 21
Vapor barrier 0.0005 0.038 1470 1800
Concrete 0.220 1.619 890 2206
Cement Mortar 0.020 191 917 2009
Parquet 0.030 0.175 1880 408
Floor Glass wool 0.015 0.039 0.039 840
Vapor barrier 0.0015 0.038 0.038 1470
Concrete 0.220 1.619 1.619 890
Glass 0.003 0.78 770 2540
Air 0.016 0.022 1000 1.2
Window Glass 0.003 0.78 770 2540
Air 0.016 0.022 1000 1.2
Glass 0.003 0.78 770 2540
Table A3. Thermophysical properties of envelope materials used in Model 3.
Envelope . ) Thermal Conductivit Specific Heat Capacity, Density,
Componint Material Thickness (m) WK y p (]-kg—l-K—l)p y (kg.mz
Cement mortar 0.020 1.91 917 2009
Fiber cement 0.012 0.187 840 1204
Wall Air layer 0.02 0.024 1000 1.2
Vapor barrier 0.0015 0.038 1470 1800
Plywood 0.012 0.103 1880 556
Glass wool 0.14 0.048 840 56
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Styrofoam 0.04 0.035 1470 21
Vapor barrier 0.0005 0.038 1470 1800
Gypsum board 0.018 0.202 870 706
Iron 0.001 80.4 450 7900
Vapor barrier 0.0005 0.038 1470 1800
Plywood 0.012 0.103 1880 556
Roof Thin air layer 0.002 0.175 840 16
Glass wool 0.21 0.048 840 56
Vapor barrier 0.0005 0.038 1470 1800
Gypsum board 0.009 0.202 870 706
Parquet 0.015 0.175 1880 408
Vapor barrier 0.0015 0.039 1470 1800
Concrete 0.100 1.619 890 2206
Floor Vapor barrier 0.0015 0.038 1470 1800
Styrofoam 0.1 0.035 1470 21
Vapor barrier 0.0015 0.038 1470 1800
Concrete 0.100 1.619 890 2206
Glass 0.003 0.78 770 2540
Air 0.016 0.022 1000 12
Window Glass 0.003 0.78 770 2540
Air 0.016 0.022 1000 12
Glass 0.003 0.78 770 2540

Appendix B. Normative Specific Heat-Loss Coefficients

The normative values used for selecting the specific heat-loss coefficients are sum-
marized in Tables A4 and A5.

Table A4. Specific heat loss of an old concrete building, W-m™3 - K~ [35].

No Building Volume, m? Built Before 1958 Built Since 1958
1 ~100 0.86 1.07

2 ~200 0.77 0.95

3 ~300 0.72 091

5 ~50,000 0.31 0.40

Table A5. Specific heat loss of low-rise housing, W-m™3 - K™ [19].
. Building Floor

Ne Building Area, m? 1 5 3 1

1 ~50 0.579 NA NA NA
2 ~100 0.517 0.558 NA NA
3 ~150 0.455 0.496 0.538 NA
4 ~250 0.414 0.434 0.455 0.476
5 ~400 0.372 0.372 0.393 0.414
6 ~600 0.359 0.359 0.359 0.372
7 More than 1000 0.336 0.336 0.336 0.336
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