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Abstract

Increasingly stringent regulations regarding climate policy and the sustainable devel-
opment paradigm determine the transformation of contemporary multi-family housing
typology, manifested by a growing share of single-aspect micro-apartments (units with
exterior exposure on only one facade). This article identifies the phenomenon of the energy-
efficiency paradox, wherein highly insulated buildings successfully trap winter heat but
inadvertently escalate summer cooling demands. Consequently, the primary operational
challenge becomes limiting excessive solar heat gains in summer, which directly translates
into high cooling energy demand, rather than solely mitigating heat losses in winter. Sus-
tainable construction requires moving beyond the narrowly defined reduction of envelope
thermal transmittance towards holistic adaptation to climate change and ensuring adequate
indoor environmental quality. The methodology is based on a coupled energy-economic
analysis, evaluating thermal balances and their direct financial implications for end-users.
The variant analysis of solar heat gains conducted for a reference 30 m? dwelling in Warsaw
proves that architectural optimization should not be determined solely by short-term in-
vestment profit maximization. Effective engineering optimization in construction requires
the implementation of a full building life cycle perspective. Unfavorable glazing orientation
and the lack of cross-ventilation necessitate the use of energy-intensive air-conditioning
systems, which directly increases the building’s carbon footprint and generates hidden
operating costs (differences reaching over 145 PLN annually for heating and approximately
70 PLN for cooling). The findings highlight the necessity for a critical reevaluation of design
priorities for compact apartments, integrating social justice (by reducing information asym-
metry in the real estate market, where buyers are often unaware of these future cooling
burdens) with long-term economic rationality and the resilience of the built environment
to extreme weather events.

Keywords: sustainable building; optimization; solar gain optimization; energy performance
modelling; environmental engineering; experimental methods; multi-criteria decision-making;
micro-apartments

1. Introduction

The contemporary real estate market in Europe, including Poland, is undergoing
intense structural and regulatory transformations resulting from both economic and envi-
ronmental factors [1]. Key determinants of these changes include rising land acquisition
costs and inflationary pressure, which significantly affect the cost structure of residential
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investments, alongside limited access to mortgage financing [2]. At the same time, stricter
regulations concerning the energy efficiency of buildings are being observed, driven by the
European Union’s climate policy [3]. In response to these conditions, a transformation of
multifamily housing typology is taking place, manifested by an increasing share of small
residential units [4]. Their popularity is driven by socio-demographic changes, including
the rise in single-person households and increased professional mobility [5]. However, the
limited floor area and volume of these units negatively affect their energy performance,
particularly regarding solar heat gain intensity and susceptibility to overheating [6]. This
trend results from the pursuit of maximum investment profitability [7].

From an urban and architectural perspective, micro-apartments impose specific spatial
organization schemes, most commonly a corridor layout resulting in single-aspect units [8].
The lack of effective cross-ventilation leads to limited removal of excess heat and pollu-
tants [9]. In parallel, stricter regulations concerning building energy performance have
significantly reduced allowable U-value limits [10]. Consequently, modern buildings are
designed as highly insulated structures optimized to minimize heat losses during the heat-
ing season [11]. Strict requirements for building airtightness have also been introduced to
reduce uncontrolled air infiltration [12]. Meeting these stringent criteria requires advanced
numerical optimization of envelope details [13]. Despite its effectiveness in reducing winter
heat losses, the “fabric-first” approach faces significant limitations in the context of climate
change [14]. Rising average air temperatures and more frequent heatwaves exacerbate
overheating, forcing a paradigm shift where ensuring summer thermal comfort becomes the
primary challenge [15]. This issue is particularly evident in single-aspect micro-apartments,
where a small volume contributes to rapid indoor temperature rise [16].

A significant factor intensifying solar gains in such units is the use of large glazing areas
with high window-to-floor ratios [17]. Overheating is notably intensified in south- and west-
facing units due to the highest solar radiation levels [18]. Modern buildings are increasingly
equipped with solutions supporting the energy transition, such as building-integrated
photovoltaic systems (BIPV) [19]. Historically, the primary goal of architectural design
was to ensure thermal comfort while minimizing heating energy consumption, leading to
low-energy concepts like the Passivhaus standard [20]. Empirical studies have confirmed
the success of these standards in drastically reducing heating demand [21]. However, this
success has led to a new problem—overheating, particularly in summer [22]. Simulation
studies show that highly insulated buildings are more prone to heat accumulation [23].
Measured data from occupied buildings confirm elevated summer indoor temperatures [24].
Shortwave solar radiation entering through glazing is absorbed by internal surfaces [25],
while low-emissivity coatings and high thermal insulation reduce heat release to the
outside [26]. Climate scenario simulations project a significant increase in overheating
hours in buildings [27]. South-facing rooms are particularly vulnerable [28]. Furthermore,
internal gains from appliances and occupants are strongly pronounced in micro-apartments
due to low thermal mass [29]. The hygrothermal behavior of building envelopes over
long-term operation additionally affects these physical properties [30].

Heat accumulation is particularly intense in single-aspect units, which have limited in-
teraction with the external environment [31]. Many developments adopt hotel-like layouts
where a central corridor serves multiple units [32]. Consequently, these micro-apartments
take the form of narrow and deep layouts [33]. This geometry strongly limits passive cool-
ing strategies, particularly natural ventilation and night flushing [34]. Natural ventilation
effectiveness depends on wind-driven pressure differences and thermal buoyancy [35].
In multi-aspect dwellings, cross-ventilation enables efficient air exchange [36], resulting
in high air change rates and effective heat removal [37]. CFD simulations show signifi-
cant airflow intensity increases with cross-ventilation [38]. In contrast, in single-aspect
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dwellings, ventilation relies mainly on weak local pressure fluctuations [39]. Experimental
and numerical studies indicate that the effective influence zone of single-sided ventilation
is limited to approximately 2-2.5 window heights [40]. Consequently, large portions of
deep-plan apartments remain outside effective ventilation reach, a situation often wors-
ened by deep balconies acting as aerodynamic barriers [41]. This effect is particularly
visible in dense urban canyon environments, leading to stagnant air zones and severe heat
accumulation [42].

Despite the extensive literature on thermal performance in highly insulated buildings,
there remains a notable research gap regarding the socioeconomic consequences of this
phenomenon in the specific context of single-aspect micro-apartments [43,44]. Most ex-
isting studies treat overheating and natural ventilation limitations primarily as building
physics problems, without translating these structural flaws into direct, long-term economic
burdens for the end-users [2,6]. The specific contribution of this study is to bridge the gap
between architectural physics and real estate economics [43]. By quantifying the thermal
imbalances of differently oriented micro-apartments and converting them into precise
operating costs, this research exposes the “hidden costs” of cooling [44]. Ultimately, the
study aims to highlight the information asymmetry present in the housing market and
demonstrate that true sustainable design requires optimizing both winter energy efficiency
and summer solar gain mitigation [2,44].

2. Materials and Methods
2.1. Subject of the Study

The analysis covered single-room apartments (studio flats) with single-sided window
exposure to natural daylight. Figure 1 presents an example of a multifamily residential
building with a corridor-based apartment layout and single-sided exposure. The sample

apartment is highlighted in green in Figure 2.

Figure 1. Example of multifamily residential building with a corridor-based apartment layout and
single-sided exposure.
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Figure 2. Example of a storey plan.

2.2. Assumptions Adopted for the Analysis

Location: Warsaw, Poland.

Apartment area: 30 m?.

Window area: 4 m? (compliance with 1:8 requirement—standard).

Apartment dimensions: 6 m X 5 m.

Bathroom area: 4 m? separated by partition walls.

External wall length: 6 m.

Room height: 2.6 m.

The apartment is located in the central zone of the building with one glazed wall
facing the external environment.

External load-bearing wall made of reinforced concrete, 24 cm thick, insulated with
EPS (expanded polystyrene).

Internal load-bearing walls made of silicate blocks, 24 cm thick.

Partition walls made of silicate blocks, 8 cm thick.

Floor/ceiling system: Teriva 4.0/1 reinforced concrete slab, 24 cm thick.

Heat transfer coefficient for walls: U = 0.20 W/(m?K).

Heat transfer coefficient for windows: U = 0.90 W/ (m?K).

Apartment heated by the district heating system.

Natural (gravity) ventilation system.

Heating system efficiency of 85%.

Use of a local split-type air conditioning system.

Indoor temperature setpoint for heating: 20 °C.

Indoor temperature setpoint for cooling: 24 °C.

Heat gain utilization factor (g gn) calculated dynamically for each month based on the
building’s thermal time constant, derived from the internal heat capacity, in accordance
with PN-EN ISO 13790 [45].

The aim of the analytical study was to demonstrate the impact of glazing size and

orientation relative to cardinal directions on the balance of solar heat gains and the resulting

cooling costs in modern micro-apartments. The research was focused on illustrating a

critical operational challenge in modern energy-efficient construction, demonstrating that
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in the specific case of small single-aspect units, managing excess heat in the summer is
becoming as significant as mitigating heat deficiency in winter.

2.3. Reference Apartment Model

The subject of the study was a model of a single-aspect residential unit (studio apart-
ment) with a usable floor area of 30 m?. The unit was assumed to be located on a typical
floor of a modern multifamily building complying with current requirements for thermal in-
sulation of building envelopes. A key assumption of the model was the single-aspect layout,
which completely prevents the use of effective cross-ventilation, significantly increasing
the risk of overheating during the summer period.

2.4. Analytical Energy Gain Model

The energy demand calculations were performed using the monthly balance method,
in accordance with the methodology described in PN-EN ISO 13790 [45] (Energy perfor-
mance of buildings—Calculation of energy use for space heating and cooling). The total
heat losses in a given month (Qp ;) were determined as the sum of transmission losses
(Qtr) and ventilation losses (Qye).

First, transmission heat losses were calculated for individual external partitions, as-
suming no linear thermal bridges due to the absence of such elements as external corners,
ground floor/wall junctions, and roof /wall connections. The remaining types of thermal

bridges were assumed to have a linear thermal transmittance coefficient 1} equal to zero
(Table 1).

Table 1. Heat losses through partitions in contact with external air.

Heat Transfer
Partition Name  Area A; [m?] Coefficient Uy ex  Hryje = Ay Uy e [W/K]

[W/m2K]
External walls 6 X 2.6 0.2 1.0 3.12
Windows 4.0 0.90 1.0 3.60
Total 6.72

Hrjg = 0 — no linear thermal bridges

Setting linear thermal transmittance () to zero isolates the impact of solar heat
gains from potential construction defects. Although actual thermal bridges would slightly
increase winter heating demand, this idealized assumption does not affect the study’s core
conclusions regarding summer overheating.

Based on this, the total heat transfer coefficient was determined:

W
Hyy = Hrje + Hrjg = 6.72 {K}

Next, the heat loss coefficient due to ventilation was determined:

W
Hyes = 41.572 [K}

The ventilation heat-loss coefficient was derived as follows:

W
Hyes = pa-Ca-(Voe1 + Voen) = 1200-(0.0303 + 0.0043) = 41.572 [K]
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where Vi1 is the standard hygienic airflow (0.31:1073 m3/(s-m?) for 30 m? of floor
area) and V. is the infiltration airflow (assuming an air change rate of 0.2 h~! for a
78 m3 volume).

Monthly heat losses due to transmission and ventilation were calculated using the
following relationships:

QH,ht = Qu + Qoe (2)
Qtr = Htr'(@int - @e)'tm'10_3 (3)
Qve = Hz;,es‘(@int - @e)’tm'10_3 (4)

where

Qu—heat transfer heat loss coefficient, Q, .s—Vventilation heat loss [W/K];
Ojnt,©-—indoor and outdoor temperature [°C], t,,—number of hours in a month [h].

Additionally, to determine the thermal inertia of the apartment, the building heat
capacity (Cm) was taken into account, calculated as the sum of the products of specific heat
capacity, density, thickness, and surface area of individual layers of the building partitions,
in accordance with PN-EN ISO 13786 [46] (Thermal performance of building components).
Results are shown in Table 2.

Table 2. Heat losses through transmission and ventilation.

o o Qtr Qve QHh

Month tm 0c[°Cl O [°Cl |y o] [KWhimonth]  [kWh/month]
January 744 12 108.64 672.10 780.74
February 672  —09 96.77 598.68 695.45
March 744 440 80.64 498.89 579.54
April 720 630 68.85 42593 49478
May 744 1220 4165 257.64 299.29
June 720 1710 16.60 102.67 119.26
July 744 1920 2093 6.65 41.14 47.79
August 744 16.60 19.65 121.55 141.20
September 720 12.80 37.40 23137 268.77
October 744 820 61.65 381.36 443.01
November 720 290 85.30 527.70 613.00
December 744 0.8 98.64 61024 708.88

Total heat gains in the analyzed period Qg g, were defined as the sum of internal
gains (Qjnt) and solar radiation gains (Qgo1). Monthly solar heat gains were determined
based on Typical Meteorological Year data, using an equation consistent with energy
certification methodology:

Qsor = Y, Ci-Aj-Iigg1-Fap g1+ Fon ®)

where Ci—glazing area fraction of the total window area 0.7 [-], Aj—window area [m?2],
I;—solar radiation energy incident on a given surface [kWh/m?], ggi—total solar energy
transmittance of the transparent part of the window 0.75 [-], Fgp, gj—solar radiation reduction
factor due to shading 0.95 [-], and Fg,—solar reduction factor due to movable shading
devices (no shading assumed, Fy, = 1.0) [-].

By changing the facade orientation (N, NE, E, SE, S, SW, W, NW), a set of monthly
solar heat gains was generated for each month of the year. Table 3 presents the highest
(yellow) and lowest (blue) values of heat gains.
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Table 3. Maximum and minimum solar heat gains.

Orientation Month I.N_90 I_NE 90 ILE 90 I_SE_90 I.S_ 90 ISW90 I W_90 INW_90
I || Lot 21.22 21.22 23.78 36.98 42.38 35.38 22.65 21.22
m?-mth
January
Qsol % 42.32 42.32 47.44 73.77 84.54 70.59 45.19 42.32
kWh
I February 25.56 25.56 30.32 39.47 43.85 37.61 29.07 25.65
50.98 50.99 60.48 78.73 87.47 75.04 58.00 51.18
49.31 50.40 60.33 72.34 75.78 65.53 55.26 50.04
March
98.38 100.55 120.35 144.31 151.18 130.73 110.24 99.82
Aol 69.00 73.48 83.77 91.23 91.95 87.48 80.62 72.78
ri
P 137.66 146.59 167.13 182.00 183.44 174.52 160.84 145.19
94.22 105.59 119.23 123.11 116.56 115.83 111.37 101.75
Ma
Y 187.97 210.65 237.86 245.60 232.54 231.07 222.18 202.99
100.30 109.51 121.41 124.39 119.52 123.11 121.41 110.80
une
! 200.09 218.48 242.21 248.16 238.45 245.60 242.20 221.04
| 103.73 115.77 128.87 130.64 122.67 124.10 121.71 112.19
Ju
7 206.94 230.95 257.10 260.62 244.72 247.57 242 .82 223.81
88.78 97.39 110.04 116.70 115.22 113.39 106.23 95.31
August
17711 194.29 219.52 232.81 229.86 226.21 211.92 190.14
61.52 63.30 69.62 77.34 82.85 79.90 71.78 63.79
September
122.74 126.28 138.89 154.30 165.29 159.41 143.19 127.25
36.65 36.76 40.04 48.98 55.86 51.81 42.12 36.86
October
73.11 73.33 79.89 97.72 111.43 103.35 84.03 73.54
18.02 18.02 19.30 24.27 27.62 25.34 20.06 18.02
November
35.95 35.95 38.50 48.42 55.09 50.56 40.01 35.95
; [% 15.55 15.55 16.03 21.03 23.28 21.01 16.02 15.55
OWh December
Qsol mr 31.02 31.02 31.98 41.94 46.44 4191 31.95 31.02

The analysis shows that the lowest solar heat gains occur on the northern facade, while
the highest occur on the southern facade (heating months) and on the south-eastern fagade
(non-heating months).

Internal heat gains were calculated using the formula:

Qint = Qint‘Af'tm'10_3 (6)

where qjy¢ is the internal heat load of the rooms due to internal gains (assumed as 6.8 W/ m?
in accordance with calculation standards), and A¢ is the usable floor area of the apartment
[m?] (Table 4).

Total heat gains Q(H,gn) were calculated as the sum of internal gains and solar
radiation gains.

QH,gn = Qsor + Qint @)

The analysis was based on a comparison of two extreme scenarios: the variant with
maximum and the variant with minimum solar heat gains.

The monthly distribution of the extreme values of total heat gains (Qp,gn) is presented
in Table 5. The results confirm that the annual dynamics of total heat gains are primarily
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determined by variable solar gains (Qg.1), whereas internal gains (Qjn¢) remain at a stable
and predictable level.

Table 4. Internal heat gains.

Month Qint [W/m?] A¢ [m?] tm [h] Qint [kWh/month]
January 6.8 30 744 151.776
February 6.8 30 672 137.088
March 6.8 30 744 151.776
April 6.8 30 720 146.88
May 6.8 30 744 151.776
June 6.8 30 720 146.88
July 6.8 30 744 151.776
August 6.8 30 744 151.776
September 6.8 30 720 146.88

October 6.8 30 744 151.776
November 6.8 30 720 146.88
December 6.8 30 744 151.776

Table 5. Sum of maximum and minimum heat gains.

Max Min Max Min
. Solar-Gain Solar-Gain Solar-Gain Solar-Gain
Month Qint Scenario Scenario Scenario Scenario
[kWh/month]

Quot [N ] Qugn [U] Qe [SWE] Qg [0]
January 151.78 84.54 236.32 42.32 194.10
February 137.09 87.47 224.56 50.98 188.07
March 151.78 151.18 302.96 98.38 250.16
April 146.88 183.44 330.32 137.66 284.54
May 151.78 245.60 397.37 187.97 339.75
June 146.88 248.16 395.04 200.09 346.97
July 151.78 260.62 412.40 206.94 358.71
August 151.78 232.81 384.59 177.11 328.88
September 146.88 165.29 312.17 122.74 269.62
October 151.78 111.43 263.21 73.11 224.88
November 146.88 55.09 201.97 35.95 182.83
December 151.78 46.44 198.22 31.02 182.80

The Figure 3 presents the annual distribution of monthly heat gains, comparing two
extreme cases of apartment exposure: maximum and minimum solar gains. It illustrates
the direct impact of solar gains alone on the total heat gains in individual months of the
year. This visualization clearly highlights how significantly window orientation affects the
overall energy balance of the apartment, which is particularly evident during the summer
period critical in terms of overheating.
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Figure 3. Comparison of maximum and minimum solar heat gains. The horizontal axis shows
successive months of the year, while the vertical axis presents solar heat gains in kWh/month.

2.5. Solar Gain Optimization Framework and Assumptions

A scenario-based optimization framework was defined to evaluate the architectural
impact on the apartment’s energy and economic performance:

e  Objective Function: Minimizing the combined annual operational costs for heating
and cooling.

e  Design Variable: Facade orientation (azimuth from N to NW), determining the monthly
solar heat gains (Qg)-

e Constraints: Fixed parameters designed to isolate the impact of solar exposure:
30 m? floor area, constant window-to-floor ratio (1:8), single-aspect layout (no cross-
ventilation), and WT 2021-compliant thermal insulation.

e  Decision Criteria: Identifying the orientation with the lowest cumulative “hidden
costs” (offsetting winter heating savings against summer cooling penalties).

Monthly useful energy demand was determined using the standard balance equation:

QH,nd = QH,ht - WH,gn'QH,gn (8)

In order to illustrate the scale of the overheating problem, two extreme scenarios were
compared: a case with maximum possible solar heat gains and a case with minimum gains.
The results of calculations are presented in Table 6.

The monthly heat-gain utilization factors (npgn) were calculated dynamically per
PN-EN ISO 13790 [45]. Their values depend on the monthly heat gain-to-loss ratio and the
building’s thermal time constant, which is directly derived from the internal heat capacity
presented in Table 7.

In the analysis of the baseline variant, the influence of external solar shading sys-
tems was not considered, in order to investigate the isolated effect of architectural design
decisions on the thermal balance of the building.

https://doi.org/10.3390/su18147488
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Table 6. Useful energy demand for heating and cooling.
Heating Cooling
n Q n Q ; U Q U Q ;
H, H,nd,max H, H,nd,min H, H,nd,max H, H,nd,min
Month &t kWh St [m] st kWh 8% [m]
[-1 ‘mth [-1 mth [-] mth [-] mth
January 1 544 .42 1 586.64 0.303 0 0.249 0
February 1 470.89 1 507.38 0.323 0 0.27 0
March 0.999 276.58 1 329.38 0.523 0 0.432 0
April 1 164.49 1 210.25 0.668 0 0.575 0
May 0.753 0.21 0.873 2.74 0.999 98.3 0.991 43.2
June 0.302 0 0.344 0 1 275.8 1 227.7
July 0.116 0 0.133 0 1 364.6 1 310.9
August 0.367 0 0.429 0 1 2434 1 187.7
September 0.855 1.74 0.952 11.97 0.994 45.1 0.955 12.08
October 1 179.8 1 218.12 0.594 0 0.508 0
November 1 411.03 1 430.17 0.329 0 0.298 0
December 1 510.66 1 526.09 0.28 0 0.258 0
sum 2559.83 sum 2822.73 sum 1027.24 sum 782.33
Table 7. Building heat capacity.
Partition Type Layer Type d [m] c [J/kgK] p [kg/m3] A [m?] Cm [J/K]
cement-lime plaster 0.015 1000 1600 374,400.00
External wall . 15.6
reinforced concrete 0.24 1000 2500 9,360,000.00
last 0.03 1000 1000 780,000.00
Internal wall (L-B) gypstm plaster 26
silicate blocks 0.24 880 1900 10,433,280.00
last 0.03 1000 1000 468,000.00
Internal wall (L-B) gypsum plaster 15.6
silicate blocks 0.24 880 1900 6,259,968.00
. silicate blocks 0.08 880 1900 1,391,104.00
Partition wall 104
gypsum plaster 0.03 1000 1000 312,000.00
oak panels 0.015 2000 650 1,170,000.00
. concrete floor 0.05 1000 1200 3,600,000.00
Ceiling /Floor 60
expanded polystyrene (EPS) 0.03 1300 20 46,800.00
reinforced concrete slab 0.24 1000 1200 17,280,000.00
51,475,552.00

3. Results

This section presents the final results of the conducted analytical calculations. The

basis of the comparison is a detailed thermal balance of the analyzed dwelling unit, which

was used to determine the annual useful energy demand indicators. The obtained energy

demand values served as the basis for calculating the final energy consumption, which

ultimately enabled the estimation and direct comparison of the operating costs associated

with heating and cooling in the analyzed extreme variants.

3.1. Energy Demand

Maximum useful energy demand indicator for heating and ventilation purposes:

EuH,l, max —

Qpua  2559.83

Af

= 85.33
30

B

m2year
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Minimum useful energy demand indicator for heating and ventilation purposes:

Quna _ 2822.73
Ap 30

EUW 1, min =

=94.09 {

Maximum useful energy demand indicator for cooling purposes:

kWh
m?year

Qupna _ 1027.24

E =
UH,Z, max Af 30

=3424 [

Minimum useful energy demand indicator for cooling purposes:

kWh
m2year

Quna 78233
nd 72597 26.08
A 30

EUn, min =

3.2. Thermal Balance

In order to illustrate the overheating problem in an economic context and within the
framework of sustainable building principles, the calculated monthly heat gains for the
summer period were converted into the estimated cooling energy demand. This demand
was then transformed into electricity consumption costs using standard air-conditioning
systems, taking into account the Seasonal Energy Efficiency Ratio (SEER) and average
electricity prices. Differences in costs between extreme scenarios were defined as the
“hidden costs” of design and material selection decisions.

Assumptions:

e  SEER (Seasonal Energy Efficiency Ratio): 4.0;
e  Electricity price: 1.15 PLN/kWh;
e  Heat energy price: 0.47 PLN/kWh.

3.3. Energy Consumption for Heating and Cooling
3.3.1. Heat Energy Consumption

Table 8 presents the maximum and minimum heat demand, illustrating the transition
between useful energy demand and actual energy consumption. Due to losses associated
with heat conversion and distribution, for which a system efficiency of 0.85 was assumed,
the actual heat consumption is 17.65% higher than the theoretical demand.

Table 8. Heat energy consumption for maximum and minimum solar-gain scenarios.

. . Energy Consumption
Efficiency QH.nd [l;‘é\;ﬂ 8y [KWh] P
Max solar-gain scenario 0.85 2559.83 3011.56
Min solar-gain scenario ' 2822.73 3320.86

3.3.2. Air Conditioner Electricity Consumption

The application of a cooling device with a Seasonal Energy Efficiency Ratio (SEER)
of 4 resulted in a final electricity consumption of 256.81 kWh for the maximum solar-gain
scenario and 195.58 kWh for the minimum solar-gain scenario (Table 9). These values were
directly determined by the extreme annual useful cooling energy demand of the building.

Table 9. Air conditioner electricity consumption for maximum and minimum solar-gain scenarios.

Electricity Consumption
kWh

SEER Qe et [kWh]

Max solar-gain scenario 4 1027.24 256.81

Min solar-gain scenario 782.33 195.58
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3.4. Energy Consumption Costs for Heating and Cooling
3.4.1. Heating Costs

The annual comparison of heat energy consumption costs, determined using a constant
rate of 0.47 PLN/kWHh, is presented in Table 10. The analysis demonstrates that the variation
in final energy consumption between the minimum and maximum solar-gain scenario
results in a difference in annual heating costs of approximately 145.37 PLN.

Table 10. Heat energy costs for maximum and minimum solar-gain scenarios.

Price [PLN] Consumption [kWh] Cost [PLN]

Max solar-gain scenario 047 3011.56 1415.44
Min solar-gain scenario ' 3320.86 1560.81
difference 145.37

3.4.2. Cooling Costs

Table 11 presents the estimated annual cooling costs of the building, assuming a
unit electricity price of 1.15 PLN/kWh. The comparison of the extreme values of air-
conditioning energy consumption indicates that the difference in operating costs between
the maximum and minimum solar-gain scenarios amounts to 70.47 PLN.

Table 11. Cooling energy costs for maximum and minimum solar-gain scenarios.

Price [PLN] Consumption [kWh] Cost [PLN]

Max solar-gain scenario 115 256.81 295.33
Min solar-gain scenario ' 195.58 224.92
difference 70.47

3.5. Optimization of Solar Gains and Overheating Control in Single-Aspect Micro-Apartments
3.5.1. Optimization of Solar Gains in Single-Aspect Micro-Apartments

The analysis indicates that a southern orientation (S) provides the most favorable bal-
ance between energy performance and operational costs in single-aspect micro-apartments.
This result reflects the ongoing shift in building design priorities associated with highly
insulated building envelopes. While minimizing heat losses traditionally constituted the
primary objective of energy-efficient design, the increasing thermal performance of con-
temporary buildings has elevated the importance of managing solar gains and mitigating
overheating risk.

3.5.2. Heating and Cooling Cost Trade-Off

A comparison between the scenarios characterized by maximum and minimum solar
gains demonstrates the direct influence of solar exposure on the annual energy balance.
The maximum-gain scenario reduces annual heating costs by PLN 145.37 relative to the
minimum-gain scenario. However, the increased solar heat gains also result in higher
cooling demand, leading to an additional annual cooling cost of PLN 70.47.

From an economic perspective, the reduction in heating expenditure exceeds the
increase in cooling costs, resulting in a net annual benefit. Consequently, maximizing
beneficial solar gains during the heating season remains a cost-effective strategy, despite
the associated increase in cooling requirements during summer.

3.5.3. Performance of Individual Orientations

The monthly distribution of solar gains (Q_sol) reveals significant differences among
the analyzed orientations and provides insight into their overall energy performance.
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3.5.4. Southern Orientation (S)

The southern orientation demonstrates the most balanced annual performance. It
achieves the highest solar gains during the heating season, reaching 84.54 kWh/month
in January, thereby contributing substantially to the reduction in space-heating de-
mand. At the same time, summer gains remain comparatively moderate, amounting
to 244.72 kWh/month in July.

This behavior can be attributed to the high solar altitude during summer months,
which reduces the angle of incidence on vertical glazing surfaces and consequently limits
the magnitude of solar heat gains. As a result, southern fagades provide significant winter-
time benefits while avoiding the excessive summer gains observed for other orientations.

3.5.5. Southeast Orientation (SE)

The southeast orientation is characterized by the highest solar gains during the cooling
season. In July, solar gains reach 260.62 kWh/month, representing the highest value among
the analyzed cases.

Although this orientation contributes positively to winter energy performance, the
excessive gains during summer substantially increase the risk of overheating. This effect
is particularly pronounced in single-aspect dwellings, where limited natural ventilation
potential restricts the removal of excess heat and increases dependence on mechanical
cooling systems.

3.5.6. Northern Orientation (N)

The northern orientation exhibits the lowest annual solar gains. While this configu-
ration effectively limits solar heat gains during summer, with only 206.94 kWh/month
recorded in July, it simultaneously provides minimal passive solar contribution during
winter. January gains amount to only 42.32 kWh/month, resulting in the highest heating
demand and the least favorable annual energy balance among the analyzed orientations.

3.5.7. Design Implications

Although the southern orientation minimizes total annual energy costs, energy perfor-
mance alone should not be considered the sole design criterion. The results support the
broader argument that overheating constitutes a critical challenge in contemporary highly
insulated residential buildings, particularly in compact single-aspect apartments.

Due to the limited potential for cross-ventilation and the increased ability of highly in-
sulated envelopes to retain internal heat gains, thermal comfort can deteriorate significantly
during warm periods despite favorable annual energy indicators. Therefore, sustainable
building design should integrate both passive solar utilization and effective overheating
mitigation strategies.

The findings suggest that the implementation of external shading devices should be
considered an essential component of the design process. Such systems can effectively
reduce excessive summer solar gains while preserving beneficial winter gains, thereby
improving thermal comfort and reducing reliance on energy-intensive active cooling sys-
tems. Consequently, the optimal design solution is not determined solely by facade
orientation but by the combined application of favorable solar exposure and adaptive
solar-control measures.

4. Discussion

The quantitative results of this study corroborate the growing concern that highly
insulated, single-aspect micro-apartments are structurally predisposed to excessive summer
cooling demands. Our analysis revealed that, depending solely on the facade orientation,

https://doi.org/10.3390/su18147488


https://doi.org/10.3390/su18147488

Sustainability 2026, 18, 7488

14 of 17

the annual useful cooling energy demand ranges from 26.08 to 34.24 kWh/(m? year).
These values significantly exceed rigorous low-energy benchmarks, such as the Passivhaus
standard, which dictates a maximum cooling demand of 15 kWh/(m?-year) [20]. This
quantitative discrepancy clearly illustrates that meeting strict winter thermal transmittance
criteria (e.g., U-values = 0.20 W/ (m?2K)) does not guarantee overall, year-round energy
efficiency in compact units [13,28].

Comparing our findings with similar research reveals a consistent pattern in con-
temporary residential architecture. Recent studies [24] demonstrate that highly insulated
residential units are structurally prone to severe summertime overheating, forcing occu-
pants to rely on active cooling that offsets winter energy savings. In our case study, the
transition from the minimum to the maximum solar gain scenario reduced heating costs by
145.37 PLN annually, but simultaneously generated an additional cooling cost of 70.47 PLN.
This means that nearly 50% of the financial benefit gained from favorable winter solar ex-
posure is lost due to summer overheating. This substantial trade-off aligns with previously
identified quantitative relationships [16] and complements recent evaluations regarding the
broader operational challenges of energy efficiency within Polish households [47], confirm-
ing that large window-to-floor ratios (reaching ~25% in the analyzed micro-apartments)
without variable shading mechanisms disrupt the holistic energy balance.

The novelty of the presented research lies in linking these specific thermal metrics
with direct economic impacts for end-users. The demonstrated asymmetry in cooling costs
(a 70.47 PLN annual difference for a mere 30 m? dwelling) reveals the “hidden costs” of
design decisions [2,6]. While these absolute financial values might appear relatively modest
on an annual basis, they represent a persistent operational burden generated by spatial
geometry (single-aspect layout) rather than occupant behavior [43]. This highlights a
significant information asymmetry in the real estate market: buyers are often unaware that
selecting a heavily glazed, south- or south-east-facing unit in a highly insulated building
may effectively necessitate the continuous use of active cooling systems, contradicting the
foundational principles of affordable and sustainable housing [44].

While the absolute net annual financial difference between the analyzed extremes
might appear quantitatively modest, its practical significance is profound when evaluated
through the lens of thermal comfort and public health. These “hidden costs” serve as an
economic proxy for severe indoor overheating, which directly compromises occupants’
well-being. To mitigate this issue, the installation of external shading devices is often
recommended. While a detailed economic analysis of such solutions is beyond the scope of
this paper, future research should explicitly explore the investment costs of shading systems,
weighing them against the long-term benefits of reduced active cooling dependencies.

While the monthly heat balance method (PN-EN ISO 13790 [45]) employed in this
study provides a robust framework for assessing macro-level annual energy demand and
associated economic costs, it possesses inherent structural limitations. The quasi-steady-
state monthly calculations cannot capture hourly temperature peaks, dynamic thermal
inertia effects during extreme heatwaves, or precise durations of thermal discomfort. The
methodology also assumes a static solar transmittance (g-value) and uniform electricity
tariffs/SEER efficiencies, which in reality fluctuate dynamically with weather and peak-
load pricing. Furthermore, the analysis was based on a single, representative case study
with fixed geometrical parameters (30 m? area, fixed window-to-floor ratio) and excluded
external urban contextual factors such as floor level, surrounding building shading, and the
Urban Heat Island (UHI) effect. Therefore, the findings should be treated as an illustration
of vulnerabilities within a specific market segment rather than a universal rule. Future
research should implement dynamic hourly simulations (using software such as EnergyPlus
or TRNSYS) and incorporate multi-scenario parametric analyses to fully generalize these
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conclusions. However, establishing the economic baseline through this coupled evaluation
remains a necessary step to highlight the systemic problem of information asymmetry in
the real estate market.

5. Conclusions

In summary, the tightening of building energy efficiency regulations, directly driven
by the European Union’s climate policy [1], constitutes a major determinant of the ongoing
transformation of contemporary multi-family housing typologies towards small-scale
residential units [3]. The implementation of stringent requirements regarding thermal
insulation of building envelopes and high air-tightness levels [13,28] results in structures
that are highly efficient during the heating season, yet simultaneously prone to severe
overheating in summer conditions [23-25]. This mechanism, based on the accumulation
of solar gains within a highly insulated building envelope, causes solar energy entering
through large-area glazing [17] to become trapped within the indoor space [32]. Studies
have shown that even in low-energy buildings, overheating risk becomes a real operational
issue [25], which, in combination with the limited volume of micro-apartments, leads to
rapid increases in indoor temperature [13,33].

A key functional challenge in the analyzed dwellings is their single-aspect orientation,
which significantly limits the potential for the use of passive cooling strategies [7]. The
lack of cross-ventilation [41] means that air exchange relies on single-sided ventilation
mechanisms, whose effective range is physically limited to the zone adjacent to windows.
Combined with ongoing climate change and an increasing frequency of heatwaves [15,31],
such dwellings lose their ability to dissipate excess heat passively, consequently forcing
occupants to rely on active and costly cooling systems [34].

The coupled energy-economic evaluation applied in this study enabled a direct linkage
between building physics parameters and financial aspects, revealing the “hidden costs”
of design and purchasing decisions [2,6]. The demonstrated information asymmetry in
the real estate market means that buyers are often unaware of the impact of apartment
orientation on actual operational costs related to cooling. In light of the obtained results,
a reevaluation of sustainable building design strategies for micro-apartments is highly
recommended: effective protection against excessive summer solar gains must be treated
with the same level of priority as protection against winter heat losses, which necessitates a
critical reassessment of current design strategies for small residential units [34].

Furthermore, while this study successfully highlights the economic magnitude of
cooling demands in single-aspect units, future research should integrate dynamic thermal
simulations. Quantifying exact overheating hours and indoor operative temperatures
during extreme heatwaves will provide an even more comprehensive understanding of
thermal resilience in compact housing.
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