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 8 

ABSTRACT: Underground buildings are pointed out as alternatives to conventional aboveground 9 

buildings for reducing total energy requirements, while alleviating land use and location problems. This paper 10 

investigates the potential in reducing the heating and cooling energy demand of underground buildings compared 11 

to aboveground buildings. Monthly calculations based on EN-ISO 13790 are performed to obtain the annual 12 

heating and cooling energy demand of aboveground and underground buildings for various climates, building 13 

functions and underground depths. Uncertainty of input parameters is considered in the calculation, and 14 

sensitivity analysis is carried out. Energy reduction is achievable for all climates and functions when 15 

underground buildings are compared to aboveground ones, but the magnitude is related to the combination of 16 

different design elements. Results show that 11% of cases analyzed can be considered near zero-energy 17 

buildings (annual energy demand less than 10 kWh/m2y). Sensitivity analysis indicates that the most influential 18 

parameters depend on the climate and building function. As expected, building functions with high internal gains 19 

perform better in cold climates, and the ones with low internal gains perform better in hot climates.  20 

 21 

KEYWORDS: underground buildings, energy balance, energy conservation, Monte Carlo analysis, 22 

sensitivity analysis, EN-ISO 13790. 23 
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 1 

1. INTRODUCTION 2 

Underground buildings are used in our civilization for thousands of years, examples of this can be found 3 

in the town of Matmata in Tunisia [1, 2] or the Shianxi Province in North-western China [3], this concept keeps 4 

attracting the attention of designers (Figure 1) due to a variety reasons. Underground buildings are pointed out 5 

as alternatives to conventional aboveground buildings for reducing the total energy requirements [2, 4, 5] while 6 

alleviating land use and location problems [6, 7, 8, 9]. The energy performance of underground buildings with 7 

regard to heating and cooling needs/demands is a function of several aspects, such as building function 8 

(influencing internal heat gains and operation schedules), building materials, building size and shape and 9 

climate. 10 

The energy performance of underground buildings was studied in the past using various techniques, such 11 

as a general purpose program used to solve heat conduction equations by the finite difference method in two 12 

dimensions [2], a 3-dimensional finite element program in tandem with a building energy analysis program [10], 13 

measurements of existing buildings [5, 11]. These studies addressed particular building types, such as a sunken 14 

residential courtyard [2], a single story domestic building [10], a university building [5], an office building [5], a 15 

two-story elementary school [5] and an office-dormitory building [11]; in most of them particular climates were 16 

considered, such as BWh (Kuwait) [2], Dfb (Poland, Minnesota (U.S)) [10, 5], Cfa (Washington and Tennessee 17 

(U.S)) [5, 11]. These studies demonstrated that in some specific cases, underground buildings may respectively 18 

save up to 23-35% [2], 47–80% [10], 33%, 50%, 70% [5] and 30% [11] in energy consumption when compared 19 

to aboveground buildings. 20 

In spite of the large amount of research conducted in the past on the energy performance and heat loss to 21 

the ground of underground buildings, the results are not directly included in guidelines for development of 22 

underground facilities. In particular, there is no overview of the potential energy saving for heating and cooling 23 

in underground buildings when compared to aboveground buildings in a variety of climates and building 24 

functions, under uncertainties in building specifications. 25 

This study provides a comparative analysis of the calculated annual energy demand of aboveground and 26 

underground buildings, aiming at the evaluation of energy saving potentials by the use of underground buildings. 27 

Uncertainty of input parameters is considered in the calculation, and sensitivity analysis is carried out. This 28 

paper is organized in 4 sections, as follows: Section 2 describes in detail the methodology used in the 29 
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calculations, where the annual energy performance for heating and cooling based on the EN-ISO 13790 was 1 

evaluated for a variety of buildings in different climates of the Köppen-Geiger climate classification. Section 3 2 

presents and discusses results of energy performance, sensitivity to different parameters and uncertainty in the 3 

calculations, and Section 4 summarizes the main findings of this research.  4 

2. METHODOLOGY 5 

The procedure for the investigation is schematically represented in Figure 2, following three steps: pre-6 

processing, calculation and post-processing. The steps of Figure 2 are described in detail in the following sub-7 

sections, but a high-level description of the methodology is as follows. In the pre-processing stage, input 8 

parameters were defined, such as internal gains, ventilation rate and conductivity of walls. Values for these 9 

parameters were obtained from literature and were processed into samples using Latin hypercube sampling 10 

(LHS), resulting in 200 different configurations of building input parameters. This represents the uncertainty in 11 

the case of some parameters and the design options in the case of other parameters. These 200 configurations 12 

were tested for all 540 cases, which were defined based on combinations of building position (aboveground or 13 

underground), climate (15 different climates), building function (6 functions considered) and building depth (3 14 

depths of buildings, as the temperature underground changes with the depth). In the calculation stage, the annual 15 

energy demand was calculated using the monthly method described in EN-ISO 13790 [12]. In the post-16 

processing stage, the annual energy demand and influence of the variable input parameters are analyzed 17 

respectively using uncertainty and sensitivity analysis. 18 

2.1. Climate and building specifications 19 

The Köppen-Geiger climate classification is commonly used to differentiate climates [13]. Weather data 20 

for each climate is obtained using TMY2 data for cities selected to represent the corresponding climates. 21 

Analyses were conducted for 15 of the 30 climates in the Köppen-Geiger classification, while the selected 22 

climates and corresponding cities are listed in Table 1. All climate groups (A to E) were represented by at least 23 

one climate.  24 

The annual energy demand is examined for six different building functions (Table 2). Building 25 

characteristics for different functions are obtained from the US building stock survey [14]. 26 

Input parameters are divided in two groups regarding the variability in the input value: uncertainty and 27 

design parameters. Uncertainty parameters are considered those where a natural variability is expected from 28 
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building to building. Design parameters are considered those where the designer has to choose one value from a 1 

range of possible values. 2 

Some uncertainty parameters are assumed to be normally distributed around the mean with a certain 3 

standard deviation (Table 3). Other uncertainty parameters and design parameters are uniformly distributed to 4 

represent a range of possible values ( 5 

  6 
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 1 

Table 4). The same range is adopted for both aboveground and underground buildings, with a few 2 

exceptions. For the underground building, it is assumed that there are no windows nor is there any infiltration. 3 

Calculations for the aboveground building do not take into account the changing ground properties. Furthermore, 4 

the aboveground building does not take into account any shading devices. Variations in the solar gains are taken 5 

into account by the solar heat gain coefficient (g-value) of the window, which ranges from 0.3 to 0.7. Therefore, 6 

a total of 8 input parameters are used for the annual energy demand calculations of the aboveground building and 7 

9 for the underground building.  8 

2.2. Sensitivity and uncertainty analysis 9 

Monte Carlo analysis is applied to analyze the approximate distribution of possible results on the basis of 10 

variable input parameters [15, 16]. A sample matrix for the input parameters is created using Latin hypercube 11 

sampling (LHS) [16]. For most cases, a sufficient accuracy for sensitivity and uncertainty analysis can be 12 

achieved with 200 iterations. 13 

2.3. Energy calculation (EN-ISO 13790) 14 

Building energy demand (or energy need in the terminology of EN-ISO 13790) for space heating and 15 

cooling was calculated using the monthly method described in EN-ISO 13790 [12]. The total heat gains (internal 16 

and solar gains) and heat losses (transmission and ventilation losses) are calculated for the heating and cooling 17 

modes with a corresponding utilization factor from EN-ISO 13790. The utilization factor is a function of the heat 18 

balance ratio for both heating and cooling and requires a numerical parameter that depends on the building’s 19 

thermal inertia [12]. The appropriate temperature difference compared to heat transmission to the external 20 

environment, due to the large inertia of the ground, is taken into account by an adjustment factor that adjusts the 21 

heat transfer coefficient instead of the temperature difference. The transmission losses to the ground are 22 

calculated by using this factor in combination with calculated ground temperatures. Calculations are made for a 23 

single-zone building being fully underground, therefore the assumption is made that no infiltration or solar gains 24 

are existent.  25 

Artificial lighting energy consumption is assumed to be the same in aboveground and underground 26 

buildings, and therefore is not included in the comparison. Mechanical ventilation is assumed for both 27 

aboveground and underground buildings. Fan energy is assumed to be the same in both cases; therefore it is also 28 

not included in the analysis.  29 
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2.4. Ground temperatures 1 

Ground temperatures were calculated using Eq. (1) [17]. This equation predicts the long-term annual 2 

pattern of soil temperature variations as a function of depth and time for various soil properties. The average 3 

monthly surface ground temperature is assumed equal to the monthly air temperature, which is the starting point 4 

of soil temperature calculation in the building energy simulation program TRNSYS [18]. 5 

T�x,t�=Tm-Ase
-x� π

365α cos � 2π

365
�t-t0- �x

2
� �	365

πα

�� (1) 

Where the cosine angle is expressed in radians and the variables are: 6 

T(x,t) = temperature of soil at depth x and on day t of the year [˚C] 7 

Tm = mean annual ground surface temperature [˚C] 8 

x = depth below surface [m] 9 

t = time of year in days (Jan 1 = 1) 10 

t0 = the phase constant, corresponding to the day of minimum surface temperature [days] 11 

α = the thermal diffusivity of the soil [m2/s] 12 

As = amplitude of surface temperature wave [°C] 13 

This analytical equation does not take into account the precipitation and heterogeneity in ground 14 

properties at various locations and depths. The thermal diffusivity of the soil is based on its density, thermal 15 

conductivity and specific heat capacity. The thermal diffusivity depends on the type of soil and because this 16 

differs between locations, it has been taken as a source of uncertainty ( 17 

  18 
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 1 

Table 4). 2 

The ground temperature is calculated for 15 climates with different ground properties. The ground 3 

temperature profiles have a sinusoidal diurnal pattern, which follow the same pattern as the air temperature. 4 

Larger amplitudes between the different depths exist in climates where the seasonal temperature difference is 5 

larger. In the tropical climates (Af, Aw), the air temperature has a variation of only a few degrees Celsius over 6 

the year, therefore also the ground temperatures have a small fluctuation throughout the year. For the BSh, Cfb 7 

and Dfb climates the amplitudes are larger than those of the tropical climates. The sinusoidal pattern of the 8 

temperature dampens with an increase of depth. For the calculation of the energy demand of the underground 9 

building, three depths (2 m, 5 m and 10 m) have been chosen with their corresponding ground temperatures. 10 

Underground temperatures at a depth of 2 m have a larger fluctuation than at a depth of 10m, which is almost 11 

stable, but still fluctuates less than the outdoor temperature. The calculated ground temperature at a certain depth 12 

is applied to all surfaces of the underground building, and even though this is a rough estimation, the uniform 13 

temperature can be used to assess the sensitivity of results in relation to the underground temperature.  14 

2.5. Post-processing annual energy demand 15 

For each case (with a certain climate, function and depth), the 200 calculations considering uncertainty 16 

and design options provide values for the annual energy demand for both the aboveground and underground 17 

buildings. Annual energy demand results were analyzed using the mean and standard deviation of the 200 results 18 

per case. Frequency distribution of the annual energy demand per case was analyzed as well.  19 

Spearman’s rank correlation [19] is applied to identify whether the input variables and annual energy 20 

demand relate in a monotonic function, meaning that if an input variable increases or decreases, the annual 21 

energy demand increases or decreases. Spearman’s rank correlation coefficient is a non-parametric measure of 22 

correlation as it does not try to make any assumption about the nature of the relationship between two ranks.  23 

3. RESULTS AND DISCUSSION 24 

3.1. Annual energy demand comparison 25 

A preliminary analysis of the results shows that the differences in annual energy demand for different 26 

underground depths are relatively small (less than 15 kWh/m2y, and on average 2 kWh/m2y). Therefore this 27 

section only reports values calculated using temperatures at a depth of 10m. 28 



8 
 

Table 5 shows the mean values of the annual energy demand (kWh/m2y) of underground buildings, 1 

where the colors indicate the energy demand (white to red – small to large energy demand). Results show that a 2 

variety of the underground building cases have low annual energy demand. Some cases in Table 5 present high 3 

values of annual energy demand but these values should be analyzed in comparison to the performance of 4 

aboveground buildings. This comparison is available in Table 6, which shows the difference between 5 

aboveground and underground buildings, i.e. the reduction in energy when using the underground option. Table 6 

6 is also colored according to the energy reduction, where white means no reduction, green indicates the 7 

reduction level and red shows cases with an increase in energy demand in the underground building when 8 

compare to the aboveground option. Results in Table 6 show energy saving potential in all climates and in most 9 

building functions, with exceptions in building functions with high internal loads, such as education facilities 10 

and hospitals, in mild climates. The low annual energy demand for these underground building cases, which can 11 

be seen in a large range of climates, originates from balancing energy flows. Due to the building being 12 

underground, the transmission losses are stable throughout the year. This stable behavior is not the aboveground 13 

situation, where it varies due to the seasonal weather changes. Building functions with low internal gains, e.g. 14 

domestic and industrial, have a higher saving potential in warm climates, while building functions with high 15 

internal gains have better performance in cold climates. Building functions with higher energy reduction are: 16 

domestic, industrial and office, all with an average saving in various climates of around 70%. Other functions 17 

(educational, hospital and sport) have average savings between 25% and 40%. Saving potential is higher in 18 

severe mid-latitude and polar climates, with average savings around 66%. This value indicates the promising use 19 

of underground buildings in regions with around 10% of the global population. In the other climates (which host 20 

around 90% of the global population), the average reduction is around 42%. 21 

3.2. Heat balance analysis of a case with high energy saving potential 22 

The balance of the energy losses and gains in each case defines whether a comfortable temperature can be 23 

maintained without any requirements for heating or cooling. An example of balancing energy flows is given in 24 

Figure 3 for a domestic building in moderate mid-latitude climate (Cfa). Figure 3A shows the heating and 25 

cooling set point temperatures and the ground temperature for this case. The heating set-point and the ground 26 

temperature are almost identical, around 20°C, and this building function has small internal gains. Therefore, 27 

temperature variations in the building are minimum, transmission losses are negligible and the building requires 28 

relatively low energy for space conditioning (2 kWh/m2y). Figure 3B shows the same sort of information for the 29 

aboveground building, where a fluctuation on 13°C is observed throughout the year in the outside air 30 
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temperature (AB temperature). In this case, the difference between set-points and outdoor air temperature creates 1 

much higher transmission losses than in the underground building. In the summer, the transmission losses are 2 

combined with solar gains increasing the energy demand of these buildings in comparison to the underground 3 

option. 4 

3.3. Rationale of the energy balance of a building 5 

Understanding the energy balance of a building is very important to comprehend the results and their 6 

relationship between different combinations of climates and functions. The rationale for the energy balance is 7 

that the annual energy need/demand of a building depends on the deviation from the interval between the heating 8 

and cooling set-point temperatures. As derived from the presented results, there are some underground building 9 

cases showing a near zero-energy demand. The prime reason for this is that the underground temperature 10 

maintains a stable value inside the set-point interval throughout the year. This signifies that no energy is required 11 

to maintain the internal temperature at a comfortable level, unless the internal gains cause an imbalance. 12 

Therefore, the underground temperature is very important to achieve a high energy reduction. In contrast, the 13 

aboveground building is exposed to outside temperatures with larger daily and seasonal temperature fluctuations 14 

that deviate from the interval and require more energy to maintain a comfortable internal temperature.  15 

Furthermore, certain climates have underground temperatures that are below the heating set-point. 16 

Depending on the range of this deviation, extra energy for heating is required to maintain the comfortable 17 

internal temperature. In these cases it can be advantageous to have a building function with high internal gains 18 

that nullify large amounts of transmission losses to balance the equation. In hot climates (high underground 19 

temperatures), internal gains are therefore superfluous and would only increase the cooling demand. In contrast 20 

to cold climates, internal gains are useful to reduce the heating demand. A sports building function (high internal 21 

gains) is therefore inefficient in a warm climate, but efficient in a cold climate, but for a domestic building 22 

function (low internal gains) the situation is reversed. These results are calculated without using hourly user 23 

schedules (such as for the temperature set-points and occupancy pattern) throughout the day. This may cause a 24 

day- and nighttime fluctuation that could influence the energy demand for a building in certain climates.  25 

It can be concluded that the energy saving potential in the underground building depends mainly on a 26 

combination of two factors: climate and internal gains. The first factor will determine the outdoor air temperature 27 

in aboveground buildings and the ground temperature in the underground. The second factor will influence the 28 

match between underground temperature and heating and cooling set-points. 29 
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3.4. Uncertainty analysis 1 

In the previous sections, results were presented in terms of average for the 200 simulations carried out for 2 

each case (function, climate). This section is focused on the analysis of the distribution of results with the 200 3 

simulations carried out for each case. The distribution of the annual energy demand per case can be shown by 4 

using a frequency distribution, such as in 5 

6 
Figure 4 which shows results for a residential building in a tropical climate. The mean and standard deviation 7 

values of the annual energy demand for the aboveground (AB) and underground (UB) buildings in 8 

9 
Figure 4 are, AB (μ = 167, σ = 28) and UB (μ = 46, σ = 7). In this particular case, the annual energy demand of 10 

the underground building has a much lower mean than the aboveground building, indicating a high energy 11 

saving potential. It is noticeable that the standard deviation is much smaller in the underground building, while a 12 

large spread in aboveground can be observed due to variation on, among other factors, the window-to-wall ratio. 13 

An important observation is made when comparing the best case (lowest energy demand) of the 14 

aboveground building with the worst case (highest energy demand) of the underground building. For two 15 

standard deviations, there is a chance of approximately 95% (0.9762) that the difference in the annual energy 16 

demands of the aboveground and underground buildings is 53 kWh/m2y or more. The best aboveground building 17 

case will thus perform worse than the worst underground building case by a large margin.  18 
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The same comparison is made for every climate and building function. In most cases the worst 1 

underground building performs better than the best aboveground building (positive interval value). The 2 

exception is found for the Af to Cfb and Dfa climates for the education, hospital and sport building functions, as 3 

highlighted in Table 5. It can be concluded that underground buildings are more robust (lower spread in the 4 

results) and in the majority of the cases, the saving potential showed in Table 5 is not compromised by 5 

uncertainties in input parameters.  6 

3.5. Sensitivity analysis 7 

By analyzing the influence of design and uncertainty parameters on the annual energy demand, strong 8 

correlations can be identified. This can be helpful to determine which level of design is required to attain the 9 

highest performance. Sensitivity analysis was carried out for all cases (climate and building function, 10 

aboveground and underground). Results of two cases are presented below to exemplify the analysis carried out.  11 

Figure 5 shows Spearman’s rank correlation coefficients for the sport building function in a tropical (Af) 12 

and polar climate (ET). The comparison between the two climates shows that the dominant parameters are 13 

different in each climate. It can be also seen that in the tropical climate, the internal gains indicate a very strong 14 

positive correlation to the annual energy demand of aboveground and underground buildings. While in the polar 15 

climate, the internal gains correspond to a negative correlation for both aboveground and underground buildings. 16 

It indicates that the parameters and direction of the sensitivity of each parameter changes depending on climate 17 

and building function. Regarding differences between underground and aboveground buildings, it can be 18 

observed that sensitivity has similar direction and magnitude in both cases (except for parameters that do not 19 

apply for underground buildings). Considering that sensitivity in underground and aboveground buildings are 20 

quite similar, it seems fair to assume that results of existing studies on sensitivity on aboveground buildings can 21 

also be adopted for underground buildings if necessary.  22 

The correlation coefficients of the five most important variable parameters on the annual energy demand 23 

for underground and aboveground buildings for all building functions and climates are represented in Table 7. 24 

The correlation is visualized by using a color scale: -1 very strong negative correlation (red) to 1 very strong 25 

positive correlation (green), 0 (white) means there is no correlation. No single parameter seems to have the 26 

highest influence in every situation, although some parameters have a higher influence in most cases. The 27 

ground property parameters are not shown for the underground building as their influence on the annual energy 28 

demand is very small, which was also observed in a previous study [10]. Furthermore, three parameters 29 
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(conductivity of glazing, solar transmittance and window to wall ratio) for the aboveground building are not 1 

shown, as they only have a strong influence for the domestic building function.  2 

Table 7 shows the strong interdependency between climates and functions in the definition of sensitive 3 

design parameters. In most cases, the physical explanation for the most sensitive parameter can be obtained by 4 

the need of the building to lose or gain heat, as explained in detail in Section 3.3. Results in Table 7 can be used 5 

to improve the design of underground buildings in early design stages, by focusing design efforts in the most 6 

sensitive parameters. 7 

4. CONCLUSIONS 8 

The energy reduction potential of underground buildings has been investigated by performing monthly 9 

calculations on the annual energy demand. A comparative analysis between aboveground and underground 10 

buildings was applied for various climates, building functions and depths. Sensitivity analysis was performed by 11 

analyzing variable input parameters and their correlation on the annual energy demand. The following 12 

conclusions can be made based on the calculation results: 13 

• Underground buildings have the potential to reduce the energy demand in comparison to a 14 

conventional aboveground building, by using beneficial soil temperatures and large amounts of 15 

earth cover as insulation. However, the magnitude of this potential is related to the combination 16 

of various design elements.  17 

• The balance between underground temperature and internal gains is very important to achieve a 18 

high energy reduction. 19 

• Calculation of annual energy demand in underground building for various ground depths (2 m, 5 20 

m and 10 m) shows that their effect on the results of an is negligible.  21 

• Variable ground properties show only a very small influence on the energy demand of an 22 

underground building. 23 

• Uncertainty analysis of the results shows that in most cases, the worst underground building 24 

performs better than the best aboveground building.  25 

• Sensitivity analysis indicates that the same trends are observed in aboveground and underground 26 

buildings, and no single design parameter is dominant in all climates and functions. 27 

Future work shall focus on the use of more accurate hourly-based building energy models for energy 28 

calculation of cases with high energy saving potential identified in this paper. Moreover, considerations 29 
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regarding ventilation and daylight shall be included. The structure adopted in this paper can be adopted for other 1 

performance aspects of underground buildings, enhancing our knowledge on the potential of underground 2 

buildings in a more holistic approach. 3 

   4 
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 1 

Figure 1: The 65-storey 'earth-scraper' is set to plunge 300m into the ground beneath Mexico City [20]. 2 
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Figure 2: Flowchart of the investigation procedure. 2 
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Figure 3: Energy balance of an aboveground (left/A) and underground (right/B) building show the cause of 

the difference in annual energy demand, for the Cfa climate and a domestic building function. 
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1 
Figure 4: Frequency distribution and probability distribution of the annual energy demand for the Af climate 2 

and domestic building function, for 200 different combinations of variable input parameters. 3 
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 1 
Figure 5: Spearman’s correlation coefficient on the annual energy demand of an aboveground (AB) and 2 

underground building (UB) with sport function, for the tropical climate Af (left) and polar climate ET (right). 3 
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Table 1: Cities used in the calculation 15 out 
of 30 based Köppen-Geiger climate 

classifications grouped in climates types with 
an approximation of the world population and 

corresponding cities (after [21]). 
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Cwb Johannesburg 

Cfa Jacksonville 

Cfb Amsterdam 
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9 

Dsb Great Falls 

Dwb Minneapolis 

Dfa Kansas City 

Dfb Helsinki 

Dfc Sodankylae 

Polar 1 ET Inukjuak 
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Table 2: Building characteristics for different building functions. 2 

 3 

  4 

Parameter Domestic Education Hospital Industrial Offices Sport Source 

Occupancy density [m2/pp] 60 10 30 20 20 20 [12] 

Floor area [m2] 120 19592 22422 5000 46320 1500 [14] 

Number of floors 3 2 5 1 12 1 [14] 

Height per floor [m] 2.8 4 4.3 8.5 4 7.6 [14] 

Aspect ratio [EW / NS] 1.2 1.3 1.3 2.2 1.5 1.2 [14] 

Dimensions for the domestic building function are assumed. 

Education is based on the size of a secondary school, industrial on a warehouse and offices on a large office. 
Sport building function is based on a 33 m x 18 m x 7.6 m four-court hall, with attachments. 
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Table 3: Normally distributed uncertainty variables. 1 

 2 

  3 

Parameter Domestic Education Hospital Sport Industrial Offices Source 

Internal gains1 

[W/m2] 

μ 4.6 15.2 18.6 27.2 6.4 8.1 [12], [22] 

σ 0.57 2.33 0.80 3.40 1.90 1.02 Assumed 

Ventilation 

rate2[m3/h.pp] 

μ 42 7 30 14 14 14 [22] 

σ 5.25 3.75 1.75 1.75 0.87 1.75 Assumed 

Uncertainty variable distribution: Both uncertainty variables are normally distributed. 
1 Gains are dependent of floor area. Internal gains include the combination of metabolic (people), lighting and 
appliance gains multiplied by the fraction of time present, which depends on the building function. 
2 The total ventilation requirement depends on the occupancy density and floor area of the building. 
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 1 

Table 4: Uniformly distributed variables 2 

 Parameter Minimum Maximum Source 

Design  
variable 

Conductivity of walls1 [W/m2K] 0.1 0.3 Assumed 

Conductivity of windows [W/m2K] 0.5 1.5 Assumed 

Solar transmittance (g-value) 0.3 0.7 Assumed 

Window to wall ratio 0.3 0.8 Assumed 

Internal heat capacity2 80 000 370 000 [12] 

Uncertainty 
variable 

Infiltration rate3 [1/h] 0.15 0.25 [22] 

GP4: Thermal conductivity [W/m K] 0.9 3 [23] 

GP4: Density [kg/m3] 1500 2700 [23] 

GP4: Specific heat capacity [J/kg K] 700 2200 [23] 

Uncertainty and design variable distribution: All variables are uniformly distributed. 
1The U-value of walls excludes the surface heat transfer coefficients, which are included in the calculation. 
280 000 corresponds to a very light building and 370 000 to a very heavy building. 

3The range for the infiltration rate corresponds to a tight to very tight building. 
4GP stands for ground properties and includes variations of clay and sand soils and many rock types [24]. 
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Table 5: Mean annual energy demand (kWh/m2y) of the  
underground building for various climates and building 

functions. 
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Singapore Af 46 136 166 246 61 73 
Bangkok Aw 56 142 172 255 72 77 

Phoenix BWh 13 116 147 206 24 60 
San Antonio BSh 3 101 136 181 8 53 
Col. Springs BSk 57 46 85 76 30 24 
Seville Csa 1 92 127 163 3 47 

Johannesburg Cwb 5 78 117 137 0 38 
Jacksonville Cfa 2 102 134 179 7 52 
Amsterdam Cfb 53 49 87 79 25 24 
Great Falls Dsb 73 39 78 59 45 23 

Minneapolis Dwb 72 42 81 61 45 26 
Kansas City Dfa 27 64 103 108 8 32 
Helsinki Dfb 97 31 69 43 71 19 
Sodankylae Dfc 145 22 54 21 121 22 

Inukjuak ET 197 30 50 31 174 30 
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Table 6: Difference between mean annual energy demand 
(kWh/m2y) of the aboveground and underground buildings 

for various climates and building functions. 
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Singapore Af 122 22 24 84 56 33 
Bangkok Aw 143 28 39 95 64 65 

Phoenix BWh 138 10 21 74 71 97 
San Antonio BSh 106 -1 0 53 61 67 
Col. Springs BSk 61 24 76 46 74 277 
Seville Csa 88 -9 -11 42 46 64 
Johannesburg Cwb 33 -21 -31 27 15 65 
Jacksonville Cfa 95 -4 -9 49 52 47 
Amsterdam Cfb 53 -2 43 14 53 245 
Great Falls Dsb 80 41 104 69 81 330 

Minneapolis Dwb 97 55 118 95 99 346 
Kansas City Dfa 107 22 58 58 96 216 
Helsinki Dfb 92 48 132 71 81 410 
Sodankylae Dfc 123 92 223 124 107 579 

Inukjuak ET 143 127 314 150 134 732 
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Table 7: Variable parameter analysis on annual energy demand  1 

(negative (-1 “green”) to positive (1 “red”) correlation). 2 
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