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Abstract: In the European Union, only 1% of the building stock is renovated every year. According
to the EU strategy, around 75% of the existing building stock needs to be renovated by 2050. Energy
efficiency programs mainly support residential and public building stocks; this article considers
military dormitories as a type of unclassified building. It is very important to improve energy
efficiency to reduce energy consumption and improve the microclimate in these buildings, since the
staff is there 24/7. This paper analyzes the energy consumption and measures the indoor air quality
in 13 nonrenovated military dormitories. The personnel in unclassified buildings have limited options
for remote work in the case of COVID-19 outbreak. Thus, the retrofitting and maintenance of such
buildings must be planned carefully. There is a significant lack of IAQ measurements in unclassified
buildings. This study presents a wide analysis of energy consumption, indoor air parameters, and
occupant satisfaction. On the basis of real data, four retrofitting scenarios were evaluated in IDA ICE
dynamic simulation software. The simulation results showed that, in the case of a deep renovation
scenario, the theoretical energy savings could be 77.6–79.3% of the used energy. This paper discusses
the solar energy potential of onsite energy production for increasing the efficiency and energy supply
resilience of unclassified buildings. The results of this study can be applied to other countries with
climate conditions similar to Latvia.
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1. Introduction

According to the International Energy Agency (IEA) data, the total final energy con-
sumption in the world by the building sector was unchanged in 2019 (compared to 2018),
accounting for about 35–40% [1]; however, CO2 emissions from buildings comprise about
28% of total global energy-related CO2 emissions [2]. COVID-19 restrictions have increased
the electricity consumption of residential buildings by 40% as millions of people are now
circumscribed to their homes [3]. In recent years, there has been a desire for the popula-
tion to use more energy-efficient household and office appliances and lead a “greener”
lifestyle, which, in the long term, can lead to a decrease in electricity consumption in
the building sector [4,5]. However, presently, buildings consume more than 55% of the
world’s electricity [6] Of course, many studies have focused on the effects of COVID-19 on
energy consumption and CO2 reduction [7–10]. In general, the global energy consumption
and global CO2 emissions were about 3.8% and 5% lower, respectively, in Q1 of 2020,
relative to Q1 of 2019 [11], but this depended entirely on the effects of closing industries
and companies (especially in the service sector) during the pandemic economic turmoil,
as well as travel restrictions and lockdown measures. However, we must remember the
time after the pandemic, because the impact on energy consumption and CO2 emissions
due to COVID-19 is a temporary effect; thus, there will be an urgent need to rebalance
the economic recovery, limit CO2 emissions, and achieve carbon neutrality goals in the
post-COVID-19 era [12].
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Retrofitting of the existing building stock is considered as one of the key priorities to
improve energy efficiency around the world. According to the European Commission, in
2021, around 35% of EU buildings were over 50 years old and almost 75% of the building
stock was inefficient [13]. The high energy consumption of buildings is largely associated
with energy losses and gains from the building envelope. On average, less than 1% of
building stock in the EU is renovated each year, with national rates ranging from 0.4%
to 1.2% and the rate of deep renovation in the EU ranging from 0.2% to 0.3% [14–16]. To
remedy this, EU Member States have developed long-term renovation strategies to renovate
about 75% of the existing building stock to near-zero-energy buildings (NZEB) by 2050 [17].

Energy efficiency promotion programs mostly support residential and public building
stocks, but there are no support programs for specific nonresidential buildings such as
military structures (barracks), police departments, prison facilities, and fire stations [18].

However, due to the recent advent of stricter local building regulations, common EU
directives, influx of EU funds, government programs on a national level, establishment of a
state-owned development finance institution for state aid programs, etc., there has been
a gradual increase in planned (and already commissioned) renovation projects in other
building categories as well, including unclassified buildings.

According to the NATO Secretary General’s Annual Report 2019 [19], energy monitor-
ing and camp simulation for energy efficiency are modern-day challenges in overall energy
security. According to data provided by NATO, innovative storage solutions save up to
50–80% of regular fuel. The NATO Secretary General’s Annual Report 2020 mentioned
that work has continued to strengthen the energy effectiveness in the military to reduce
the dependency on fossil fuels, ease the logistical burden, and reduce emissions [20]. In
addition, extra oil expenditure [21] causes rapid penetration of renewable energy sources
in military buildings and campuses. A complex approach to the retrofitting of military
buildings allowed reducing energy consumption by 75% in all climates [22]. This sector
may include not only specific military and police buildings but also relevant buildings such
as museums and training facilities [23,24].

Unclassified buildings make up about 1% of the total building stock, and even such
a small share should be taken into account in terms of energy efficiency, because these
buildings are typically occupied 24/7 and use up to five times more energy than a typical
apartment building per 1 m2 [25]. Even during the COVID-19 pandemic, they were typically
occupied in contrast to, for example, office buildings. The COVID-19 pandemic has also
created new priorities; for example, the quality of the indoor environment has gained more
weight at the expense of energy consumption, with new ventilation systems in demand [26].
Retrofitting of unclassified type of buildings can reduce energy consumption, as well as
improve indoor microclimate and air quality, which is very important for occupants [25].
However, the energy profiles and energy balance of unclassified buildings have not been
sufficiently investigated. Thus, the lack of precise input data can lead to non-price-based
energy audits and incorrect estimation of energy savings.

Many examples of studies estimating the energy consumption of different build-
ing types used the IDA Indoor Climate and Energy (IDA ICE) dynamic simulation
program [27–30]. This study provides initial data on energy simulation and IAQ in military
dormitories. However, advanced indoor air pollutant distribution was not taken into
consideration. For military garages or temporary tents heated with a diesel generator,
the results of a previous study [31] should be considered for more detailed analysis of
air distribution. However, wider application of renewable energy sources has also been
observed for mobile off-grid tents [32–36]. Thus, special attention must be paid to sustain-
able retrofitting of the existing unclassified building stock with a deep focus on renewable
energy and indoor air quality. Pioneering work was conducted in [37–40], providing key
parameters and aspects to be taken into consideration during the development of sus-
tainable retrofitting packages at both a building and a campus scale. This paper presents
different dynamic energy simulation scenarios for evaluating the energy consumption in
unclassified buildings (military dormitories). To develop the scenario, we used real thermal
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energy consumption data (measured and calculated) in unclassified buildings, taking into
account indoor air quality measurements in dormitories. Considering that the occupants of
unclassified buildings wear uniforms, the indoor microclimate significantly affects their
level of satisfaction and productivity.

2. Materials and Methods

The research methodology incorporated the development of theoretical building
prototype models. Models were developed on the basis of the typical layout of a military
dormitory. It is necessary to perform thermal energy consumption calculations for the
selected buildings, as each unclassified building subcategory may have different structural
characteristics and requirements with regard to building design, materials, heat transfer
coefficients, indoor comfort level, and other thermal parameters. Building prototype
models were validated on the basis of real on-site measurements. Models were used to
evaluate five simulated retrofitting scenarios. Dynamic simulations were performed in
IDA ICE 4.8s software. Within the scope of this study, 13 military dormitories with a
total area of about 49,400 m2 [41] were analyzed. Most of the analyzed buildings were
constructed before the 1990s, and they feature a rather unsatisfactory thermal performance
(poor thermal insulation, excessive air infiltration through the external envelope, heat
loss through windows, thermal bridges, no heat recovery, etc.). In addition to the poor
initial technical conditions, these unclassified buildings have not undergone proper energy
retrofits or energy audits due to the data privacy and limited access to such buildings.

As there is no publicly available database containing construction data and perfor-
mance characteristics of each individual unclassified building, thorough and detailed
prototype models were developed to represent a typical military building (dormitory).
Furthermore, these building prototype models were necessary to perform thermal en-
ergy consumption calculations for the selected buildings, as each unclassified building
subcategory may have different structural characteristics and requirements with regard
to building design, materials, heat transfer coefficients, indoor comfort level, and other
thermal parameters. The standardized heat transfer coefficients of building construction
elements largely define the thermal energy consumption of a building and, therefore, are at
the base of the thermal energy consumption equation. These coefficients are defined by
the Latvian Construction Standard LBN 002-19 “Thermotechnics of Building Envelopes”
(Normative Values of Heat Transmittance Coefficients) [42].

The required annual thermal energy (kWh/m2) for the building prototype was cal-
culated in accordance with Cabinet of Ministers Republic of Latvia Regulations no. 222
“Methods for calculating the energy performance of buildings and rules for energy certi-
fication of buildings” (8 April 2021) [43], which is referred to in LBN 002-19. The annual
thermal energy consumption (kWh) across the given timeline for each building category
(residential, public, or industrial) is determined by calculating specific thermal energy
consumption (kWh/m2) and compiling data on the floor area of the respective building
stock (m2). Thus, the annual thermal energy demand for a prototype building (kWh/m2)
can be determined using the equation below [43,44].

Eannual =

(
ΣUi Ai + Σψjlj + Σχk + (Vair · c)

)
· 24 · Dheat · (Tin − Tout)

1000 · Ab
− η · (Qin + Qsol), (1)

where Ui is the heat transfer coefficient of the building construction element (W/(m2·K)),
Ai is the area of the respective construction element of the building prototype model (m2),
Ψj is the heat transfer coefficient of the linear thermal bridge (W/(m·K)), lj is the length of
the linear thermal bridge (m), χk is the heat transfer coefficient of the point thermal bridge
(W/m·K), Vair is the ventilation air volumetric flowrate (m3/h), c is the air heat capacity
per volume (= 0.34 Wh/(m3 × oK)), Dheat is the number of heating days, Tin is the average
set-point temperature in the assessment (heating or cooling) period (◦C), Tout is the average
external temperature in the calculation period (◦C), Ab is the total floor area of the building
(m2), η is the gain use coefficient for heating in accordance with Regulation or Standard LVS
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EN ISO 52016-1:2017 [45], Qint is the interior gain of the whole building in the assessment
period t (Wh), and Qsol is the solar heat gain of the whole building in the assessment period
t (Wh).

Qsol =
ΣAsol · Esol
1000 · Ab

, (2)

where Asol is the area used for collecting useful solar energy of the building (m2), Esol is the
solar irradiation in the assessment period t per area Asol (Wh/m2).

The indoor air quality was measured by EXTECH SD800. The measurement ranges
and respective accuracies were as follows: CO2—0 to 4000 ppm (±40 ppm for <1000 ppm
and ±5% for >1000 ppm); temperature—−0 ◦C to 50 ◦C (±0.8 ◦C); humidity—10% to 90%
RH (±4% RH). The outdoor CO2 concentration measured during the study was 480 ppm.

3. Results
3.1. Data on Real Thermal Energy Consumption in Unclassified Buildings

According to publicly available data obtained from the Ministry of Economics of the
Republic of Latvia, the average total annual energy consumption for military dormitories
constructed before the 1990s is 212 kWh/m2. However, the combined thermal energy
consumption (for space heating and hot water use) in some of the analyzed unclassified
buildings may even exceed 270 kWh/m2, which is a clear indicator of low thermal energy
performance.

These data cover all types of military dormitories. During the period before the year
1945, 15% (total area 4775 m2), from 1945 to 1970, 23% (12,151 m2), and, from 1971 to 1990,
54% (26,617 m2) of buildings served as national defense military facilities, in contrast to 8%
(5884 m2) since 1991 (see Figure 1).

Figure 1. National defense military dormitories.

To compare the actual energy consumption versus theoretical energy consumption,
energy auditing and measurements were conducted in the same set of military dormitories
through the period 9 July 2015 to 1 July 2021. The average energy consumption was reduced
in line with the building construction date, indicating the gradual improvement in the
implementation of better building thermal performance practices over time. Some of the
buildings potentially underwent energy retrofits that eventually resulted in better thermal
energy performance (Figure 2).
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Figure 2. Calculated and measured annual energy consumption in analyzed military dormitories.

The total average measured annual energy consumption for military dormitories
was 270 kWh/m2, while the average calculated (theoretical) energy consumption for mil-
itary dormitories was 186 kWh/m2 (~31% lower than measured). The theoretical data
represent data from energy audits reports provided by third parties. This discrepancy
clearly indicated the poor actual performance of the military dormitories with reference
to the theoretically acceptable energy performance based on current building energy effi-
ciency requirements. Another factor for the high degree of discrepancy between the actual
(measured) and theoretical (calculated) energy consumption results is due to the probable
deviation in the input values vs. actual values (hot water consumption, indoor temperature,
supply air exchange rate, airtightness of the building envelope, etc.). Since the input data
for unclassified buildings are not defined by local norms, energy auditors typically take
into consideration simplified input data used for civil (residential and/or public) buildings,
which may result in a high degree of mismatch between actual and theoretical performance.

3.2. Indoor Air Quality Measurements in Unclassified Dormitories

Surveys of unclassified building occupants in uniforms (see Figure 3) were conducted
in this study and compared with data obtained from occupants of residential buildings. Un-
classified building occupants are subjected to an indoor microclimate that can significantly
affect their level of satisfaction and productivity due to uniforms. In order to monitor diur-
nal changes of various parameters (in this case, indoor air temperature, relative humidity,
and CO2 concentration) and characterize the conditions of the indoor environment, a series
of measurements were performed.

Figure 3. Clothing of a soldier working indoors.
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Under normal circumstances, the outfit of a soldier working indoors basically consists
of level 1 underwear and utility fatigues, which have an approximate clothing factor (CLO)
of 1.4 [46]. However, according to the same study, a cold uniform has a CLO of 4.20.

In the scope of the study, indoor air parameters such as temperature, relative humidity,
and CO2 concentration were measured in 13 buildings. These buildings represent a typical
layout and occupancy profile. The measurements were coupled with thermal comfort
survey data and analysis for various types of premises, such as dormitories, working
rooms, and study rooms. For example, the data for a room in a dormitory built before 1960
are shown in Figures 4 and 5.

Figure 4. Measurements of temperature and relative humidity for a dormitory room.

Figure 5. Measurements of CO2 concentration for a dormitory room.

Similar measurements were performed for various types of premises, and the average
data for all 13 military dormitories are summarized in Table 1.

The measured indoor air temperature ranged from 15.8 ◦C to 22.6 ◦C, with an average
temperature of 20.6 ◦C, which is below the recommended range of 19 ◦C to 22 ◦C required
for human thermal comfort.

Relative humidity varied from 17.3% to 53.7%, with an average of 33.6%, which is
lower than the recommended value for human comfort. Increases in relative humidity
were observed in the evening, night, and morning.

The CO2 concentration was within the normative values and did not exceed 1000 ppm.
The low relative humidity, together with low CO2 values, indicates a high ventilation rate.
Although this could be considered as a good indicator, knowing that there is no mechanical
ventilation system installed suggests that all the ventilation is uncontrolled through the
windows and cracks in the building envelope.

In order to compare the results of the measurements, a survey was conducted, in
which 73 respondents of different ages and genders participated while at their workplace
or performing daily service duties. The results of the survey are shown in Figure 6.
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Table 1. Average measurement data of indoor air parameters.

Indoor
Temperature (t, ◦C)

Relative
Humidity (%)

Indoor CO2
Concentration (PPM)

Building_1 21.6 33.6 586
Building_2 20.3 35.1 521
Building_3 20.5 50.8 739
Building_4 21.7 53.7 620
Building_5 22.6 17.3 487
Building_6 19.8 46.3 632
Building_7 21.6 37.3 487
Building_8 18.9 30.7 753
Building_9 20.1 24.3 550
Building_10 15.8 30.2 743
Building_11 21.1 19.3 551
Building_12 21.8 30.8 584
Building_13 21.8 27.7 394

Average 20.6 33.6 588

Figure 6. Respondents’ satisfaction level with the indoor air humidity and indoor temperature.

However, the selected approach differed from classic Fanger methodology; the survey
results for the dormitory indoor comfort level showed that, in general, the people were not
satisfied with the thermal comfort (they felt too cold). This, together with the fact that this
room is meant for sleeping and that persons are not allowed to wear any pajamas, caused
the dissatisfaction regarding thermal comfort. Therefore, it could be concluded that, for
such rooms, the indoor temperature should be a little higher.

To test this, we used the thermal comfort tool developed by the University of Califor-
nia (Berkeley) [47]. It allows determining the compliance of indoor climate and clothing
insulation with the requirements of ASHRAE 55-2020 and EN-16798 “Indoor environmen-
tal criteria”. In the case of a dormitory sleeping room, it can be seen that the optimal
temperature would be about 22 ◦C.

The results of the measurements and the results of the survey showed that the surveyed
unclassified building needs to be renovated/retrofitted in order to increase the comfort of
the staff and improve the energy efficiency of the building, as very high energy losses were
observed through the building’s envelope. It should be noted that the IAQ was measured
using one sensor for each room. For practical long-term monitoring, it is recommended to
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use data from [48]. In this study, the constant monitoring system allowed selecting most
optimal IAQ settings with respect to energy efficiency.

3.3. Theoretical Retrofitting Potential of Unclassified Dormitories

In this chapter, a theoretical estimation of energy consumption was performed for
unclassified buildings (military dormitories) in Latvia with different renovation scenarios.
The annual weather conditions in the dynamic simulation model were established using
the climate file for three cities: Daugavpils (WMO: 265440), Riga (WMO: 264220), and
Liepaja (WMO: 264060).

A single model of a building (see Figure 7) was used for all simulations, with a floor
area of 618.0 m2 and volume of 1936.1 m3. The model’s envelope area was 1254.1 m2, 7.0%
of which was window area. All zones had identical temperature set points of 21 ◦C as the
minimum and 25 ◦C as the maximum.

Figure 7. Building model.

For this simulation, it was assumed that there were four groups of zones—living room
area, bathroom area, classrooms, and hallways/staircases with different occupancies and
lighting schedules. All schedules followed a daily regime and were separated in two shifts
(Figure 8).

Figure 8. Designed schedules for occupancy and lighting: (a) living room area, (b) bathroom area,
(c) classrooms, and (d) hallways/staircases.

Classrooms were occupied from Monday to Saturday from 9:30 a.m. to 6:00 p.m. with
a 30 min break between 1:00 p.m. and 1:30 p.m. Living room areas were 100% occupied
from 9:00 p.m. to 6:00 a.m. During the rest of the day, usage times of the classroom and
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the living room alternated between each other. The bathroom occupancy schedule was
designed with three peaks from 6:00 a.m. to 8:00 a.m., from 12:00 p.m. to 1:00 p.m., and
from 7:30 p.m. to 9:00 p.m. Hallways and staircases were assumed to be without occupants,
and the lighting schedule was designed to always be on.

As a first step, a nonrenovated building with only window ventilation was analyzed
(scenario 1). The next simulation represented a situation where the energy efficiency of the
thermal envelope was improved (scenario 2). The third simulation added mechanical venti-
lation together with heat recovery (scenario 3). The final setup included better ventilation
in living areas (scenario 4). Table 2 shows descriptions of the retrofitting scenarios and their
results. It was not possible to precisely evaluate the initial nonrenovated scenario due to
data restrictions and some measurement uncertainties.

Table 2. Description of retrofitting scenarios and their results.

U-Values,
W/m2·K

Air Flow of Wind
Dependent

Infiltration at
Pressure

Difference 50 Pa,
m3/(h·m2 ext.surf)

Exhaust Air
Heat

Recovery, %

Air
Exchange

Rate, ACH
Location

HVAC
Electricity,
kWh/m2

District
Heating,
kWh/m2

Scenario 1

Windows—2.6
Walls—0.9
Floor—0.8
Roof—0.9

4 0 0.5
Daugavpils 0 222.7

Riga 0 201.4

Liepaja 0 190.5

Scenario 2

Windows—1.1
Walls—0.16
Floor—0.16
Roof—0.10

1.5 0 0.5
Daugavpils 0 94.4

Riga 0 85.3

Liepaja 0 79.5

Scenario 3

Windows—1.1
Walls—0.16
Floor—0.16
Roof—0.10

1.5 80 0.5
Daugavpils 6.2 50

Riga 6.2 43.7
Liepaja 6.2 39.4

Scenario 4

Windows—1.1
Walls—0.16
Floor—0.16
Roof—0.10

1.5 80 0.5 *
Daugavpils 13.0 72

Riga 13.0 63.4

Liepaja 13.0 58.8

* In this scenario, eight living rooms in the barracks had an increased air exchange rate of 2.5 L/(s·m2) according
to the D2 national building code of Finland.

The summarized simulation data are presented in Figure 9.

Figure 9. Comparison of energy consumption in different scenarios.
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It is obvious that, when the dormitory was located in a milder and maritime climate,
it positively affected the amount of required energy for the heating of the building. This
circumstance helped to save 14.5% (scenario 1) to 21.2% (scenario 3) of energy depending
on the considered scenario.

When considering a building with enclosing structures characterized by high U-values,
it was possible to achieve a reduction in energy consumption by up to two-thirds of the
initial amount (scenario 2).

When the new parameters after complete retrofitting works were applied (scenario 3),
the heating energy usage dropped dramatically. This allowed saving 77.6–79.3% of the used
energy (which gave the best result). Of course, this scenario represented an ideal situation,
with perfect renovation and occupants always acting according to predefined schedules;
however, other conditions completely matched current conditions, in addition to taking
into account the 6.2 kWh/m2 of electricity needed to maintain the operation of mechanical
ventilation. Despite this additional consumption, the positive effect of this improvement
was evident.

Commenting on scenario 4, a more than twofold increase in energy consumption
can be noted for both heating and HVAC electricity in each location (in comparison with
scenario 3), along with 67.7% to 69.1% less consumption for heating purposes compared to
scenario 1.

4. Potential of Onsite Energy Production for Increasing Unclassified
Building Efficiency

For increasing the energy efficiency of unclassified buildings and achieving the goals
set by EC, scenarios for the production of energy on site using renewable energy sources
(solar collectors and panels) are considered.

In the first case, solar collectors are used for heat and heat water production. A real
building built before 1970 was used; a military dormitory was modeled (see Figure 10)
and simulated, using the parameters given in Table 3. Considering that this was a campus
and each building was differently oriented, various simulations were performed, with
placement of solar collectors on different sides of the sky (Figure 11). This study was
performed to determine the best performance of solar collectors.

Figure 10. Building model.
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Table 3. Building parameters.

Location Floor Area,
m2

Volume,
m3

Land Area,
m2

Window/Ratio
of Enclosing
Structures, %

Average
U—Value,
W/(m2·K)

Roof Side
Area,
m2

Slope of the
Roof

Riga 3297.2 11,664.5 832.1 6.40 0.9682 504 30◦

Figure 11. Solar radiation on the active surface of the collectors during the year.

Initial conditions of solar collectors and solar voltaic are shown in Tables 4 and 5.

Table 4. Solar collector parameters.

Collector Area Number of Collectors Area Occupied by Collectors

385 m2 180 76%

Table 5. PV parameters.

Number of PV
Panels

Rated Capacity,
W MPP Voltage, V MPP

Current, A
Total Capacity,

kWp
PV Area,

m2

32 576 W 132 4.37 18.43 371.2

In the second case, PV panels were used for electricity generation. All building
parameters were similar to the first case. Electricity produced during the year for typical
roof is shown in Figure 12.

Figure 12. Electricity produced during the year.
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On the basis of previous studies carried out in Latvia, it can be concluded that the
use of solar energy is possible, with good results obtained in Latvian climate conditions in
various areas of the national economy [49–52].

Integration of solar energy into the energy systems of unclassified buildings during
renovation/retrofitting makes a good contribution to achieving the intended goals for
conversion of the existing building stock to NZEBs.

5. Discussion

According to the Revision of the Energy Performance of Buildings Directive (EPBD)
in 2021 [53], Member States are required to plan policies and measures to phase out fossil
fuels in buildings by 2040. The revision of the EPBD also provides better visibility for the
integration of renewable energy into energy performance certificates (EPCs). The new EPC
template requires a clear indication of how much renewable energy production is compared
to the building’s needs and how much it improves the building’s overall emissions.

Unclassified buildings and especially military buildings have a completely different
energy profile compared to apartment and office buildings. The main factors which directly
affect the energy consumption and operation of HVAC systems are the high-energy peak
loads, workers’ dress code, limited access for detailed energy audits, less reliable data on
energy consumption due to data protection, and limited options to place a IAQ sensors in
desired locations.

6. Conclusions

In the scope of this study, an analysis of indoor air quality and energy consumption
for Latvian military dormitories was performed. Latvia represents a cold climate with an
average of 3900–4200 heating degree days.

According to the extensive analysis of calculated and measured data of the energy
consumption for 13 nonrenovated military dormitories, it was concluded that the total
average measured annual energy consumption was 270 kWh/m2, while the average cal-
culated energy consumption for military dormitories was 186 kWh/m2. This shows that
buildings do not have a proper building management system, and that there is a low energy
awareness of occupants.

In the scope of this study, the indoor air quality measurements were performed in
13 nonrenovated military dormitories. Analysis of the obtained data showed an average in-
door air temperature of 20.6 ◦C, average relative humidity of 33.6%, and CO2 concentration
of 588 ppm. It can be concluded, knowing that there is no mechanical ventilation system
installed, that uncontrolled air infiltration occurs through the nonrenovated building enve-
lope. Hence, additional heating load is used to maintain comfortable internal conditions
inside buildings. The relatively low CO2 concentration can be explained by very short peak
loads in separate rooms due to the brief presence of occupants.

Dynamic simulations help to evaluate different renovation scenarios for buildings with
different uses, where standardized solutions may not decrease energy consumption to the
extent shown by calculations. On the basis of the simulation results, the theoretical energy
savings were calculated for four scenarios. In the case of the deep renovation scenario,
savings of 77.6–79.3% of the used energy were determined. The main saving potential can
be achieved by more precise control of ventilation systems. However, the larger internal
heat gains due to a higher occupancy density allow reaching better energy efficiency in
comparison to regular office buildings. The extra energy efficiency can be achieved by
installation of renewable energy systems. However, the maximal energy performance is
limited by the orientation of existing buildings. A typical south-oriented roof receives solar
radiation during the year of up to 350 MWh on the active surface of the collectors, which
can be shared with buildings with less efficient orientation.
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