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Abstract: Retrofitting measures in old buildings aimed at reducing energy usage have become impor-
tant procedures meant to counteract the effects of climate change and greenhouse gas emissions. The
aim of this study is to evaluate energy usage, thermal comfort, and CO2 emissions of an old building
by changing parameters such as building orientation, shading systems, location, low energy film
application, and alternative energy supply in the form of a geothermal heat pump. When evaluating
the buildings in terms of geographical location with or without applying the low energy film, the
results show that the city of Gävle in Sweden requires the most heating energy, 150.3 kWh/m2·year
(B0) compared to Jakarta (L0), which requires 23.8 kWh/m2·year. When examining the thermal
comfort, cases B4 and L4 demonstrate the best results in their respective categories (B0–B4 are cases
without low energy film and L0–L4 are cases with applied low energy film). The results for the CO2

emissions levels for B0–B4 and L0–L4 indicate that B4 has the highest value, 400 kg CO2 eq/year
higher than B0, and L1 has the lowest value, 731 kg CO2 eq/year lower than B0. The economic
feasibility study illustrates that the installation of a geothermal heat pump with at least a coefficient
of performance of 4.0 leads to a shorter payback period than solely applying LEF.

Keywords: building energy; CO2 emissions; historical building; retrofitting; IDA ICE; simulation

1. Introduction

Measures to reduce the energy usage of old buildings have become increasingly
necessary due to the importance of lowering the total energy usage in Sweden, especially
in the light of global climate change as well as the current energy crisis in Europe. Climate
change is one of the most important challenges faced by today’s society. Researchers have
shown concerns about the probability of an irreversible transformation of the planet in
the near future. The Intergovernmental Panel on Climate Change (IPCC) has collectively
agreed that warming of the Earth’s different biospheres was due to an increase in the
concentration of greenhouse gases (GHGs) due to anthropogenic activities [1]. Decisions to
counter climate change have been the result of international efforts in the Paris Agreement,
in Paris COP21 in 2015, and later, in Glasgow COP26 in 2021.

Most global energy usage originates from fossil fuels, such as natural gas, oil, and
coal, which are considered harmful to the environment, and consequently, to humans and
biodiversity [2]. The primary goal now is to mitigate the effects of global warming and
climate change by implementing fast and sustained reductions in GHG emissions; this
includes reducing global CO2 emissions by 45% by 2030 to the levels of 2010 [3]. One of
the sectors responsible for around 40% of global energy usage is the building sector, which
uses mainly non-renewable sources and contributes up to 30% of annual GHG emissions
globally [4].

To combat climate change and fossil fuel dependency, it is important to explore pos-
sibilities for reducing energy usage and improving the energy efficiency in the existing
building stock by means of retrofitting techniques and measures [5]. It has been demon-
strated that buildings are affected by global warming during their lifespan due to changes
in outdoor conditions that result in a degradation of building energy performance (BEP)
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and thermal comfort [1]. For this reason, the emissions from the building stock that arise
primarily from the demand for space cooling and heating need to be reduced substantially
throughout their lifecycle through a dedicated strategy that not only reduces the energy
demand through behavioral changes and energy efficiency measures, but also transitions
the energy usage toward a reliance on renewable energy sources (decarbonization) [6].

A building can be described as a shelter that protects its inhabitants from the external
or surrounding outdoor environment, such as excessive heat (sun), cold, wind, rain, or
snow [7]. This establishes an interrelationship between the building and the occupant
in the form of interactions with the building envelope, the HVAC system and the occu-
pant’s behavior, operating hours, and number of appliances within the envelope. This
interrelationship can lead to high cooling/heating depending on the mentioned parameter
configurations, which, in turn, translates into a rise or reduction of the energy demand [7,8].

Morelli et al. [9] retrofitted an old multi-family building from 1896 to reduce the
energy usage. Three types of retrofitting measures were implemented, such as installing
two different types of interior insulation, retrofitting of windows, and installation of a
decentralized mechanical ventilation system with heat recovery. The results illustrated that
the retrofit reduced the energy usage from 162.5 kWh/(m2·year) to 51.5 kWh/(m2·year),
corresponding to 68% reduction of the energy usage. Harrestrup and Svendsen [10] carried
out a holistic energy renovation on an old multi-story building with heritage value. The
primary focus of the energy-saving measures was to preserve the original architectural
expression of the building. The researchers managed to reduce the energy demand by 47%,
whereas the theoretical reduction was estimated to be about 39–61%, depending on which
room set-point temperature was used (20–24 ◦C). Curto et al. [11] conducted an energy
retrofitting of the Santi Romano Dormitory at Palermo University in Italy. They started
with carrying out an energy audit to examine the energy usage, energy load, and other
important energy related aspects of the building. Based on the energy audit evaluation,
they proposed several retrofit proposals that would reduce the building energy usage;
specifically, 65% of the electrical energy and 33% of the thermal energy could be saved
by replacing the generation systems, installing a co-generator, replacing windows, and
replacing the existing lighting with LED type lighting. Cho et al. [12] proposed several
retrofitting measures to improve the energy efficiency and reduce the energy usage of used
historic buildings in South Korea. The purposed retrofit package, which had the lowest
impact on the historical value, resulted in a 15.9% reduction of the energy usage.

It can also be important to evaluate the building not just from an energy saving
point of view, but from a deeper dive into the sustainability of a building, where several
considerations are made in terms of the building material and life cycle assessment [13,14].

However, in the current study, the City Hall (Rådhuset) in Gävle, which is used as
an office building for the municipality of Gävle, is evaluated for possible energy saving
measures, as well as for an energy sensitivity analysis. The main goal in this study is
to examine changes in energy performance and thermal comfort by changing various
parameters, such as (1) facade orientation (sensitivity analysis), (2) window shadings and
low energy film (LEF) (energy saving measure), (3) locations (sensitivity analysis), and
(4) alternative energy supply, geothermal heat pump (GHP) (energy saving measure).

The evaluation not only focuses on possible energy saving measures but also on the
possibility of this building being in other climate regions as well as having a different
facade orientation. This is important due to the possible impending climate change that is
currently happening in the world, and it is interesting to see how this historical building is
affected by these changes. The secondary goal is to assess the economic feasibility of the
investment in the newly added parameters if the implemented parameters result in energy
savings, i.e., a successful reduction of the energy usage.
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2. Methodology
2.1. Case Study

The City Hall (Rådhuset) is a three-story building located in Gävle, Sweden. It was
built in the late 1700s and is being used as an office building for the municipality of Gävle.
According to Moghaddam et al. [15], the building is classified as a historical structure, and
as a result, it must follow very strict retrofitting protocols forbidding any modifications to
the external envelope of the building. The building has a total of 76 double glazed windows
with wooden frames, which constitute about 11.7% window-to-wall ratio (WWR). Figure 1
shows the southeast side of the building. The building is connected to the local district
heating (DH) company that satisfies the heating energy for space heating and for domestic
hot water.
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2.2. Parametric Evaluations

The building was investigated in this study to evaluate which parameter or set of
parameters were best suited to generate energy savings, i.e., energy performance without
compromising the thermal comfort aspect of its occupants. The reason why BEP was
put in focus is because energy savings can lead to a reduction of GHG emissions. The
results of the applied parameters were evaluated and compared to each other according to
four fundaments:

1. Energy saving
2. Thermal comfort
3. Carbon dioxide emissions (GHGs in general)
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4. Economic feasibility

The parametric evaluation was built on several factors that are listed below:

1. Geographical location and climate

a. Gävle, Sweden
b. Sapporo, Japan
c. Beirut, Lebanon
d. Jakarta, Indonesia

2. Building orientation

a. 90◦ clockwise

3. Shading

a. Internal shading (IS)
b. External shading (ES)

4. Installation of LEF
5. Alternative energy supply

a. GHP with coefficient of performance (COP) of 4.0

2.3. Software

The numerical evaluation was run using a building performance simulation software
(BPS) called Indoor Climate and Energy, or IDA ICE, version 4.8 SP2. It is a dynamic
simulation software developed by EQUA that supports multiple or single zones to simulate
thermal comfort and moisture transfer, and to evaluate energy loads and usage. The
simulation can be done on room level or for an entire building. The software is validated
according to CEN standards EN 15255-2007, 15265-2007, and 13791, as well as ASHRAE
Standard 140-2004. The software has also been validated in other studies [16]. The IDA ICE
simulation software is widely used in Scandinavian countries and Europe for simulating
energy performance estimates and thermal comfort [17–20], and for comparing energy
performance in different climate regions [21].

2.4. Numerical Model, Setup, and Validation

The base model used in this study is displayed in Figure 2. This model has been
validated and utilized [15] as a base model for simulating different LEFs applied on
windows. The model was constructed according to a comprehensive data collection of
the properties of the building. Once the building was modeled and all the input values
were set, a one-year simulation was conducted and validated against the energy usage of
the building. The input data for the building are listed in Tables 1–4. The building has a
heavy construction with an average floor-to-ceiling height of 4 m. The ventilation rate was
set to 1.66 ACH (old building with very high ceiling). The external wall is made of brick
and render. The roof, on the other hand, is composed of wood, chip board, coating, brick,
and insulation. The composition of the external floor is concrete, wood, chip board, and
floor coating.
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Table 1. Thermal transmittance of building’s structural components.

Structural Component U-Value (W/(m2·K))

External walls 0.81
Internal walls 1.16
Internal floors 2.90
External floors 0.37

Roof 0.23
Basement wall toward ground 3.30

Heated floor area: 1480 m2

Envelope area: 1910 m2

WWR: 11.7%

Table 2. Linear heat loss coefficient of thermal bridges (W/(K·m)) for different types of joints
in building.

Type of Joint
External

Wall/Internal
Slab

External
Wall/Internal

Wall
External Wall/External Wall External Window

Perimeter

Thermal bridges
(W/(K·m)) 0.58 0.23 0.25 0.05

Table 3. Detailed properties of window.

Type U-Value (W/(m2·K)) g-Value Transmitted Visible Light

Double-Pane Window 2.30 0.76 0.81

Table 4. Internal gains in building.

Type Total W

Occupants 59 90 W
Lights 450 24 W

Equipment 59 125 W
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A schedule was applied to the operation time of the building when it was occupied,
and lights and the equipment were used. The schedule is depicted in Figure 3. The
occupants together with the equipment and lighting were available during weekdays
Monday–Friday between 6 a.m. and 6 p.m. All other times, including Saturday and Sunday,
they were not available (“absence”) in the model. The building air supply temperature was
set to a fixed temperature of 16 ◦C. The space heating and domestic water were set to be
connected to DH, which was setup with a COP of 0.9. The cooling effect was only achieved
through the HVAC that supplied fresh air to the building. This means that the cooling
capacity was limited only to the inlet air. Hence, the needed cooling energy only refers
to the energy that the HVAC needed to cool down the outdoor air to 16 ◦C. The indoor
temperature was adjusted with the setpoint of 21–23 ◦C. The infiltration was chosen to be
according to the wind driven flow with an air tightness of 0.84 L/(s·m2 external surface)
at a pressure difference of 50 Pa. Other settings, such as extra energy delivered and heat
losses, are demonstrated in Figure 4.
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2.5. Thermal Comfort

PPD is the percentage of total occupant hours with thermal dissatisfaction on average
for a one-year simulation. PPD was the main indicator of the thermal comfort in this study.
It was also used to generate a term of satisfaction per delivered energy index (SDEI), which
is expressed below:

SDEI =
1− PPD

Total ENU(kWh/m2·year)
(1)
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However, in this index, the predicted percentage of satisfaction is of interest, so this
will be 1 − PPD. This value is then divided by the total energy usage per floor area and
year. The higher this number is the more comfortable the dwelling is per used energy unit.
Two other indexes were also evaluated, percentage of hours when operative temperature
was above 27 ◦C in the worst zone and percentage of hours when operative temperature
was above 27 ◦C in the average zone.

2.6. Locations

In total, four locations were evaluated to investigate the impact of different climates
on BEP and thermal comfort. These cities have different temperature profiles and wind
profiles, as well as different solar radiation profiles. Figure 5 illustrates an overview of the
solar angles in the cities. The cities and locations were Gävle (Sweden), Sapporo (Japan),
Beirut (Lebanon), and Jakarta (Indonesia). A more in-depth information about each city,
climate type, and climate file source can be found in Table 5.
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Table 5. Evaluated locations (cities and countries), climate type, and climate file source.

Location Coordinates Climate (M, P, T) Climate File Source

Gävle
Sweden

60.6749◦ N
17.1413◦ E

Dfc (Snow, F. humidity,
C. Summer) SMHI Sveby

Sapporo
Japan

43.0618◦ N
141.3545◦ E

Dfb (Snow, F. Humidity,
W. Summer) ASHRAE IWEC2

Beirut
Lebanon

33.8938◦ N
35.5018◦ E

Csa (Warm temperature,
Dry warm summer) ASHRAE IWEC2

Jakarta
Indonesia

6.2088◦ S
106.8456◦ E

Af-Am (Equatorial, F.
humid/Monsoonal) ASHRAE IWEC2

2.7. Orientation

The orientation of the model was rotated 90◦ clockwise to examine its impact on the
energy usage and thermal comfort. The south and north facades, windows 24 and 29, faced
the west and east, respectively.
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2.8. Shading

One way to remove excessive heat during summertime is to block and/or to diminish
the intensity of the incident solar radiation by shading. Anything that obstructs and/or
attenuates the influx of solar radiation should result in reduced solar gains through the
windows. In this study, two types of shading were used, IS and ES. The chosen type
of IS was light colored and lightly woven curtains. The reason was that some sunlight
should penetrate into the room and allow part of the solar heat gain (SHG) in the original
model to pass through and to contribute to the reduction of the heating load, especially for
the cases evaluated in Gävle. At the same time, dark curtains would generate too much
heat in warmer countries and increase the cooling load [23]. The curtain settings used are
elaborated in Figure 6. The multipliers for the g-value, T value, and U-value were set to
0.71, 0.67, and 0.87, respectively.
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Figure 6. Details of lightly woven curtains used for internal shading.

Despite the prohibition that the building has regarding external changes in the facade,
ES was evaluated only to gather more information and data about the building. In addition,
the alternation rule only applies to Sweden and does not necessary apply to historical
buildings in other countries. ESs used in this model were controlled in two different ways,
as seen in Figure 7.
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Figure 7. Used ESs; temperature-controlled on the left and sun-controlled on the right.

One mode is controlled by the outdoor and indoor temperatures; when either tem-
perature exceeds 25 ◦C, the awning is lowered. The other mode is controlled by the sun
radiation. In the sun-controlled mode, the sun shading is drawn when the incident solar
radiation exceeds 100 W/m2 on the outside of the glazing. For IS, only sun-controlled
was used.

2.9. LEF

The total number of windows was 71 panes divided by: north side (29), south side (24),
east side (9), and west side (9). The type of used LEF was CC75 Low-E (3M) from Thinsulate
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with a 15-year guarantee [15]. Detailed information on how this film affected the window
once it was installed can be observed in Table 6.

Table 6. Window data when LEF was applied.

Type U-Value (W/(m2·K)) g-Value Transmitted Visible Light

Window with applied LEF 1.55 0.51 0.66

LEFs are a type of advanced material that are spectrally selective, designed to prevent
the near infrared radiation of the sun, and are applied on windows to improve the thermal
comfort and BEP. They are characterized with low U-value and relatively low g-value,
which are related to the amount of solar radiation that passes through a glazing, and
consequently, is released as heat indoors [24,25]. These films are easy to apply on already
existing windows, such as the object of this study. They are less intrusive and easy to
install, enabling the user to mitigate the energy usage without compromising the benefits of
natural light into the office room. When LEFs are installed, it should improve the insulating
performance of windows that leads to an enhanced thermal comfort, especially in hot
climates [26,27].

2.10. Economic Evaluation

It is important to evaluate the economic aspect of any investment with the purpose of
reducing the energy usage in a building. An investment should, in the best of words, pay
for itself and ensure a surplus of profit, if possible. Two different methods were utilized
herein to assess the maximum payback period.

1. Undiscounted payback time (UPT)
2. Discounted payback time (DPB)

The UPT is calculated for investment without discounting; the total value of the
investment, sometimes referred as initial value, Pinitial, is divided by the annual return of
cash flow (CF), and is expressed in the following equation [15,28]:

UPT =
Pinitial

CF
(2)

The DPB is calculated iteratively by taking the cumulative effect of annual CF from
each consecutive year on the net present value (NPV) and the discount rate (D%) into
consideration [28]:

NVP = ∑n
k=1

CF

(1 + Dr%)k − Pinitial (3)

At the start, NPV had a negative value (only Pinitial existed), then CFs were accu-
mulated until the term NPV changed from negative to positive. If NPVt−1 were the last
negative term and NPVt were the first positive term, DPB could be calculated according to
the equation below [28]:

DPB = (t− 1) +
|(NPVt−1)|

(NPVt −NPVt−1)
(4)

2.11. DH, Electricity Generation, and GHG Emissions

In the present study, DH was used as the base of delivered energy in the form of heat
transfer through heat exchanger that transfers heating energy from the DH network to the
building heating system, this includes heating and domestic hot water. The electricity for
the building was assumed to be delivered by the connected electricity grid.

DH has become an important part of utilizing environmental benefits in reducing GHG
emissions, which is one of the main goals in reducing the climate impact. This can be done
in two ways [29]: (1) accelerating the utilization of non-fossil energy forms for heating and
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cooling and (2) using better central heating systems that have superior efficiency instead.
DH has proven to be flexible when it comes to the type of fuel sources used to produce
energy. However, DH is not perfect, even though it uses biomass and waste, which reduces
the use of non-renewables. There are still some concerns about air quality, CO2 emissions
from the DH facility, and the transportation of the aforementioned fuel to the DH facility. In
Sweden, the fuel mix has changed during the last 20 years, and today the emission level for
DH is about 52 g CO2 eq/kWh, when the emissions of transport, production, and energy
transformation are internalized. The reduction of GHG emissions was calculated in 2020 to
be one fifth of those in 1990 [30]. However, when evaluating the local DH company (Gävle
Energi AB) in Gävle and its emissions, the levels were much lower, it was 4 g CO2 eq/kWh
in 2021 [31]. For evaluating the emissions of the electricity use, the values from the Swedish
Environmental Research Institute are used which considers all types of energy resources as
well as import and export factors. The latest available value is 93.2 g CO2 eq/kWh which is
for 2018 [32].

2.12. Case Studies and Configurations

The cases and their respective parametric configurations are summarized in Table 7. In
the table, all the cases with the letter B are without any LEF. These models are B0 as the base
model (BM), B1 as BM with 90◦ clockwise rotation, B2 as BM having IS with sun control,
B3 as BM having ES with temperature control, and B4 as BM having ES with sun control.

Table 7. Case configuration list for B, L, and C-cases.

Model Pre-LEF Model Post LEF Models with GHP

B0: Base model (BM) L0: B0 + LEF CB0: GHP + B0
B1: (BM) + 90◦ clockwise rotation L1: B1 + LEF CL0: GHP + L0

B2: BM + IS + sun control L2: B2 + LEF
B3: BM + ES + temperature control L3: B3 + LEF

B4: BM + ES + sun control L4: B4 + LEF

The cases listed under “Model Post LEF” are the same as Bs but with added LEF.
Finally, two other cases were evaluated which are CB0 and CL0. These cases are B0 and L0
with the heating system being replaced by GHP with a COP of 4.0.

3. Results and Discussion
3.1. B-Case Evaluations

In order to evaluate the energy usage of the building without any modifications, B0
was simulated, and the results are displayed in Figure 8. The results are consistent with
those obtained in [15]. The building in its base form has the total energy usage of about
194.5 kWh/m2·year.
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In B0, the energy usage is divided into three parts: heating, cooling, and electric usage.
The heating includes space heating and domestic hot water from DH. In Sweden, DH has
an emission of 52 g CO2 eq/kWh according to [30]. In B0, 150.3 kWh/m2·year (77.2%)
was used for heating, 43.3 kWh/m2·year (22.3%) for electricity, and only 0.9 kWh/m2·year
for cooling. It is worth pointing out that the electricity includes lighting, equipment, and
HVAC aux.

Figure 9 shows the delivered energy comparison between B cases for Gävle. Here,
B1 indicates the lowest energy usage of 149.6 kWh/m2·year, whilst B4 the highest energy
usage of 155.5 kWh/m2·year. The increase in heating use for B4 is related to the cutoff of
solar radiation at a certain level, which imposes an additional load to the heating system to
compensate for it.
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Figure 10 presents the results of B0 evaluation in different geographical locations and
climate regions. Gävle as the coldest climate region of the study had the highest heating
need, whilst in a warmer and more humid climate region such as Jakarta, more energy was
needed for cooling than for heating. It is also interesting that the cumulative heating and
cooling energy usage for Beirut was lower than all other locations.

B0 in Gävle used most of the delivered energy in the form of heating services, about
77.2%. When the rest of the configurations were evaluated, B1 revealed a slight decrease
in the required energy for heating, while B4 had the highest total energy usage of about
200 kWh/m2·year. In B1, the north facade had access to more SHG due to the rotation of
the building, and at the same time, the south facade had less access to SHG. However, the
rotation benefited the building by increasing the total SHG for the building as a whole. B1
also demonstrated the highest value when evaluating SHG during both the heating and
cooling seasons, as illustrated in Figure 11.



Buildings 2022, 12, 1667 12 of 24

Buildings 2022, 12, x FOR PEER REVIEW 12 of 25 
 

need, whilst in a warmer and more humid climate region such as Jakarta, more energy 
was needed for cooling than for heating. It is also interesting that the cumulative heating 
and cooling energy usage for Beirut was lower than all other locations. 

B0 in Gävle used most of the delivered energy in the form of heating services, about 
77.2%. When the rest of the configurations were evaluated, B1 revealed a slight decrease 
in the required energy for heating, while B4 had the highest total energy usage of about 
200 kWh/m2∙year. In B1, the north facade had access to more SHG due to the rotation of 
the building, and at the same time, the south facade had less access to SHG. However, the 
rotation benefited the building by increasing the total SHG for the building as a whole. B1 
also demonstrated the highest value when evaluating SHG during both the heating and 
cooling seasons, as illustrated in Figure 11. 

When B0 was considered in the evaluation of geographical locations, the results pro-
vided the expected values. When the building is located in a cold climate, it requires a 
substantial amount of energy to maintain an acceptable level of thermal comfort. On the 
flipside, when the building is located in warmer climate, the need for cooling is increased 
instead. Since the base model is originating from and built for a cold climate, it is not 
equipped with any cooling units. The only cooling capacity available is to cool down the 
outdoor air to 16 °C when the fresh air is supplied to the building. This setup is not effec-
tive when the outdoor temperature is high in combination with a high SHG. 

The results of the heat gains for the building in B-cases are reported in Figure 11. B1 
had the highest SHG, followed by B0 and B3. The reason why SHGs of B1 and B0 were 
higher than B2–B4 was owing to shading that applied for those cases. The SHG is mostly 
needed at wintertime or during heating season for Gävle, and the results clarified that 
SHG was consistent during all cases for this season. The “rest of the time” in Figure 11 
refers to a middle period when there is no heating or cooling required, thanks to an equi-
librium temperature state between indoor and outdoor temperatures.  

 
Figure 10. Comparison between energy usage for B0 in different locations. 

43.4 43.7 44.1 44.3

150.3
116.3

29.0 23.8

0.9

3.8

14.2
36.5

Gävle Sapporo Beirut Jakarta
0

50

100

150

200

 Heating  Electricity  Cooling

B0 comparison with different locations (kWh/m2∙year)

Figure 10. Comparison between energy usage for B0 in different locations.

Buildings 2022, 12, x FOR PEER REVIEW 13 of 25 
 

 
Figure 11. SHG for Gävle under effect of different parameters. 

The results of the heat gains for the building in B0 are presented in Figure 12 for 
different locations. Here, the geographical location had a strong influence on SHG. Jakarta 
and Beirut had the highest level of SHG due to their locations being close to the equator. 
This also created a greater need for cooling demand in these two locations. 

Heat gains from the sun played a vital role when deciding the best configuration that 
suited each location. It also proved to be a sensitive parameter to consider when applying 
ISs and ESs in cold regions. Any heat gain during the heating season in the colder climates, 
Gävle and Sapporo, means less purchased energy for heating, which, in turn, leads to a 
decrease in the emission output. It was crucial to carefully examine the measures that 
helped reduce the energy usage, while also making sure to achieve the required thermal 
comfort standard. For Jakarta, the results showed zero energy usage for heating season 
and for the rest of the time, which means that in this climate region, there is no need for 
heating from the heating system. All the necessary heating is provided by the internal 
heating generated from occupants, equipment, and lighting.  

Figure 13 presents the results of the comfort levels in the building. B4 showed the 
best performance. When comparing PPD for B4, it was 36% lower than B0. The figure 
displays SDEI as well. Here again B4 had the best comfort per delivered energy per floor 
area. The cases B2, B3 and B4, which included some type of shading strategy, augmented 
the thermal comfort level to some degree. B3 and B4 demonstrated the least and most 
changes, respectively. In terms of SDEI, the configurations that involved shading resulted 
in the best performance based on the following order: B4 > B2 > B3. 

34.9

38.0

28.5

34.6

23.9

6.7 7.4 6.9 6.7 7.3

25.4
27.8

18.8

25.1

13.6

2.8 2.8 2.8 2.8 3.0

B0 B1 B2 B3 B4
0

5

10

15

20

25

30

35

40

kW
h/

m
2 ∙y

ea
r

SHG - Gävle B0-B4

 Total SHG  Heating season (Cold Outside) 
 Cooling Season (Hot Outside)  Rest of the time

Figure 11. SHG for Gävle under effect of different parameters.

When B0 was considered in the evaluation of geographical locations, the results
provided the expected values. When the building is located in a cold climate, it requires a
substantial amount of energy to maintain an acceptable level of thermal comfort. On the
flipside, when the building is located in warmer climate, the need for cooling is increased
instead. Since the base model is originating from and built for a cold climate, it is not
equipped with any cooling units. The only cooling capacity available is to cool down the
outdoor air to 16 ◦C when the fresh air is supplied to the building. This setup is not effective
when the outdoor temperature is high in combination with a high SHG.
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The results of the heat gains for the building in B-cases are reported in Figure 11. B1
had the highest SHG, followed by B0 and B3. The reason why SHGs of B1 and B0 were
higher than B2–B4 was owing to shading that applied for those cases. The SHG is mostly
needed at wintertime or during heating season for Gävle, and the results clarified that SHG
was consistent during all cases for this season. The “rest of the time” in Figure 11 refers
to a middle period when there is no heating or cooling required, thanks to an equilibrium
temperature state between indoor and outdoor temperatures.

The results of the heat gains for the building in B0 are presented in Figure 12 for
different locations. Here, the geographical location had a strong influence on SHG. Jakarta
and Beirut had the highest level of SHG due to their locations being close to the equator.
This also created a greater need for cooling demand in these two locations.

Buildings 2022, 12, x FOR PEER REVIEW 14 of 25 
 

 
Figure 12. SHG for B0 in different locations. 

 
Figure 13. Thermal comfort main indicators as well as SDEIs for B0–B4 in Gävle. 

3.2. L-Case Evaluations 
Figure 14 depicts the energy usage for the L0 configuration, which is B0 with the 

applied LEF on the windows. Comparing L0 with B0, the total amount of the used energy 
decreased to about 185.6 kWh/m2∙year, which was a reduction of 4.6% with similar energy 
distribution. 

34.9

40.2

46.6
48.1

6.7
9.3

0.8 0.0

25.4
27.3

45.3
48.1

2.8 3.5
0.5 0.0

Gävle Sapporo Beirut Jakarta
0

10

20

30

40

50

kW
h/

m
2 ∙y

ea
r

 Total SHG  Heating season (Cold Outside)
 Cooling Season (Hot Outside)  Rest of the time

B0 B1 B2 B3 B4
0

10

20

30

40

50  % h opT > Worst 27 °C 
 % h opT > Avg. 27 °C 
 PPD (%)
 SDEI

Thermal Comfort evalutaion and SDEI for B-cases in Gävle

%

0.43

0.44

0.45

0.46

 S
D

EI
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Heat gains from the sun played a vital role when deciding the best configuration that
suited each location. It also proved to be a sensitive parameter to consider when applying
ISs and ESs in cold regions. Any heat gain during the heating season in the colder climates,
Gävle and Sapporo, means less purchased energy for heating, which, in turn, leads to a
decrease in the emission output. It was crucial to carefully examine the measures that
helped reduce the energy usage, while also making sure to achieve the required thermal
comfort standard. For Jakarta, the results showed zero energy usage for heating season
and for the rest of the time, which means that in this climate region, there is no need for
heating from the heating system. All the necessary heating is provided by the internal
heating generated from occupants, equipment, and lighting.

Figure 13 presents the results of the comfort levels in the building. B4 showed the
best performance. When comparing PPD for B4, it was 36% lower than B0. The figure
displays SDEI as well. Here again B4 had the best comfort per delivered energy per floor
area. The cases B2, B3 and B4, which included some type of shading strategy, augmented
the thermal comfort level to some degree. B3 and B4 demonstrated the least and most
changes, respectively. In terms of SDEI, the configurations that involved shading resulted
in the best performance based on the following order: B4 > B2 > B3.
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Figure 13. Thermal comfort main indicators as well as SDEIs for B0–B4 in Gävle.

3.2. L-Case Evaluations

Figure 14 depicts the energy usage for the L0 configuration, which is B0 with the
applied LEF on the windows. Comparing L0 with B0, the total amount of the used
energy decreased to about 185.6 kWh/m2·year, which was a reduction of 4.6% with similar
energy distribution.
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Figure 14. Breakdown of building’s annual energy usage for L0.

When evaluating L0−L4 which are the same as B0–B4 with the applied LEF, the results
in Figure 15 show that the required energy needed for heating was reduced for L0 by 5.9%,
L1 by 5.9%, L2 by 6.3%, L3 by 5.9%, and L4 by 6.7%. Since LEF gives a “constant” reduction
of SHGs of about 32%, the variations of L-cases reveal similar behavior as B-cases, but
at a lower energy level. The two scenarios behaved similarly with L-cases leading to a
reduction of the total delivered energy usage, which has also been reported in [15].
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Figure 15. Gävle—Delivered energy profile L0–L4.

Figure 16 compares delivered energy for L0 in different locations. The differences
between B-cases (Figure 10) and L-cases in terms of location were a reduction of the total
energy usage of about 4.6% in Gävle, 3.4% in Sapporo, and almost none in Beirut and
Jakarta. The comparison between the two setups, one without and one with LEF, with
respect to the locations, showed that warmer locations, i.e., Beirut and Jakarta, practically
had no difference in their energy usage after the application of LEF, which was expected.
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Figure 16. Comparison between energy usage for L0 in different locations.

Since the primary objective of applying LEF is to increase insulation and stop the long-
wave radiation from escaping to the outside, this film is mostly beneficial for cold climates.
There was a reduction of SHGs for all the L-cases after the application of LEF as represented
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in Figure 17. The average reduction of the total SHGs between the corresponding B- and
L-cases was around 32%. There were also average reductions of 22% and 37% in SHGs
during the cold and warm/hot seasons, respectively.
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Figure 17. SHGs for Gävle under effect of L parameters including LEF windows.

The same reduction of SHGs with respect to the locations can be seen in Figure 18,
except for a 32% reduction for Beirut and Jakarta during the hot season. L1– L4 replicated
the same pattern as B, but at a lower level of SHG. In other parts of the world, outside
Sweden, the results indicated the same reduction pattern in the range of a 32–37% reduction
of SHG.
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Figure 19 demonstrates a reduction of levels of dissatisfaction compared to B0. L0 had
21.5% improvement in the PPD compared to B0. The resulting PPDs ranged from 9–14%
which are below the acceptable level of 20% stipulated in the ASHRAE 55 standard [33].
L0, L2, L3, and L4 gave a very similar SDEI value, which was close to 0.48. Overall, the
SDEIs for the L configurations were increased in comparison to their B counterparts, as
were observed in Figure 13.
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Figure 19. Thermal comfort main indicators as well as SDEIs for L0–L4 in Gävle.

3.3. Best Possible Thermal Comfort Configuration

Figure 20 clarifies the configuration that resulted in the best possible thermal comfort
outcome for each geographical location. Based on the results, L4 was the best configuration
for Gävle and Beirut, and L3 for Sapporo. However, it was tied between L3 and L4 for
Jakarta. It is worth mentioning that since the building has no cooling equipment installed
other than HVAC being able to cool down the air to 16 ◦C, this building would not be able
to fulfill the thermal comfort requirements in the warmer climate settings such as Beirut
and Jakarta.
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3.4. Comparison of CO2 Emissions for DH

In Figure 21, B and L configurations are compared with respect to the CO2 emissions
difference with B0. The results were calculated based on the value of 52 g CO2 eq/kWh·year,
which is the average value for DH in Sweden. The evaluated energy was only limited to the
heating energy usage, which includes only space heating and domestic hot water. Higher
levels in the figure indicate an increase of emissions, while lower levels indicate a decrease.
The worst configuration was found to be B4 and the next was B2. The best configuration
was L1, which includes a rotation of 90◦, including the applied LEF on all the windows.

Buildings 2022, 12, x FOR PEER REVIEW 19 of 25 
 

3.4. Comparison of CO2 Emissions for DH 
In Figure 21, B and L configurations are compared with respect to the CO2 emissions 

difference with B0. The results were calculated based on the value of 52 g CO2 
eq/kWh∙year, which is the average value for DH in Sweden. The evaluated energy was 
only limited to the heating energy usage, which includes only space heating and domestic 
hot water. Higher levels in the figure indicate an increase of emissions, while lower levels 
indicate a decrease. The worst configuration was found to be B4 and the next was B2. The 
best configuration was L1, which includes a rotation of 90°, including the applied LEF on 
all the windows.  

 
Figure 21. Difference between B0 and other configurations based on emission levels. 

3.5. Heat Pump Evaluation 
Four cases: B0, L0, CB0, and CL0, were examined in Figure 22. The figure includes 

the total energy usage, PPD, SDEI, and emission levels based on the average values for 
the energy mix in Sweden and the local energy company, Gävle Energi AB. This was done 
to investigate the impact of changing the energy source from DH to GHP. This change 
only affected the heating need (heating and domestic hot water). Comparing B0 to L0, 
there were a small reduction of the energy usage by 4.6%, a reduction of the CO2 emissions 
when using the Swedish average by 3.9% and an increase in SDEI by 8.5%. Comparing B0 
to CB0, there were a large reduction of the energy usage by 57.5%, a reduction of the CO2 
emissions by 35.4% (when using the Swedish average), and an increase in SDEI by 137.9%. 
The change in SDEI was primarily achieved by the reduction of the total energy usage. 
The biggest positive difference was obtained between B0 and CL0 when comparing these 
four cases. The reductions of the energy usage and the CO2 emissions (when using the 
Swedish average) were 59.2% and 38.0%, respectively, whilst the increase in SDEI was 
about 153.6%. However, since the building is in Gävle, it was important to evaluate the 
company that delivers energy to the building and what their CO2 emissions levels are at 
present. As can be seen, when using the emission levels of the local energy company of 
Gävle, the CO2 emissions were lowered substantially for B0 and L0, a reduction by 152.8% 
and 144.7%, respectively. 

400

215

0

-54

-400

-531

-685 -685
-731

B0
-B

4

B0
-B

2

B0
-B

3

B0
-B

1

B0
-L

4

B0
-L

2

B0
-L

0

B0
-L

3

B0
-L

1

-800

-600

-400

-200

0

200

400

kg
 C

O
2 e

q 
/y

ea
r

Figure 21. Difference between B0 and other configurations based on emission levels.

3.5. Heat Pump Evaluation

Four cases: B0, L0, CB0, and CL0, were examined in Figure 22. The figure includes
the total energy usage, PPD, SDEI, and emission levels based on the average values for
the energy mix in Sweden and the local energy company, Gävle Energi AB. This was done
to investigate the impact of changing the energy source from DH to GHP. This change
only affected the heating need (heating and domestic hot water). Comparing B0 to L0,
there were a small reduction of the energy usage by 4.6%, a reduction of the CO2 emissions
when using the Swedish average by 3.9% and an increase in SDEI by 8.5%. Comparing
B0 to CB0, there were a large reduction of the energy usage by 57.5%, a reduction of the
CO2 emissions by 35.4% (when using the Swedish average), and an increase in SDEI by
137.9%. The change in SDEI was primarily achieved by the reduction of the total energy
usage. The biggest positive difference was obtained between B0 and CL0 when comparing
these four cases. The reductions of the energy usage and the CO2 emissions (when using
the Swedish average) were 59.2% and 38.0%, respectively, whilst the increase in SDEI was
about 153.6%. However, since the building is in Gävle, it was important to evaluate the
company that delivers energy to the building and what their CO2 emissions levels are at
present. As can be seen, when using the emission levels of the local energy company of
Gävle, the CO2 emissions were lowered substantially for B0 and L0, a reduction by 152.8%
and 144.7%, respectively.
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Figure 22. Collective results for B0, L0, and C-cases.

3.6. Economic Feasibility—Investment in LEF

The payback period calculated in the previous research [15] (LEF cost 152 €/m2 and
in total 25 k€) was around 30 years, which was beyond the product warranty of 15 years.
However, that calculation was based on a very low energy price, which was around
0.07–0.08 €/kWh. The recent pricing in Sweden was an average of 0.12 €/kWh, which
made the UPT around 16 years (Figure 23). As the energy crisis is looming in Europe, the
prices in Sweden will follow suit, and these investments will have a much better payback
time for the scenarios. For the same investment, using DPB with the internal rate of return
(D%) of 3%, it would take about 22 years to pay off the investment. In some research [34],
the D% used is as high as 5%, which would result in a DPB of 31 years. The UPT and
DPB of L0 were revisited, given the understanding that energy prices have been rising
steadily during the year 2022 in Sweden, as well as across Europe. The forecasted prices are
way beyond what was reported in [15], and therefore, the prices chosen for the feasibility
study did not exceed 0.12 €/kWh. The results were still beyond the 15 years warranty
that the manufacturing company gave as the UPT of 16 years and DPB of 22 years at the
price of 0.12 €/kWh. Now that the prices in Sweden as well as across Europe have risen
dramatically due to the instability of the energy markets, both of the payback periods
should decrease.

3.7. Economic Feasibility—Investment in GHP

The energy savings in CB0 and CL0 with B0 were found to be 165.1 and 170 MWh/year,
respectively. These savings were converted into monetary savings, listed in Table 8, that
would consequently be used as CFs in the UPT and DPB analysis. The energy savings of
GHP (CB0 and CL0) were more than ten times the value of L0. If the total price of GHP
unit(s) with a COP of 4.0 or higher (to cover the heating load of the building) were around
60 k€ with an installation and maintenance cost of 20 k€ for 15 years, the total price would
become 80 k€ for CB0. For CL0, the price of L0 as 25 k€ was added to the sum, which led to
a total of 105 k€. An extended energy price range of 0.07–0.18 €/kWh and its effects on the
savings can be seen in Table 8.
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Table 8. Energy price per kWh and corresponding energy savings in Euro for CB0 and CL0.

Energy Price (€/kWh) CB0 CL0

0.07 € 11,556 € 11,901
0.08 € 13,206 € 13,601
0.09 € 14,857 € 15,301
0.10 € 16,508 € 17,001
0.11 € 18,159 € 18,701
0.12 € 19,810 € 20,401
0.13 € 21,461 € 22,101
0.14 € 23,111 € 23,802
0.15 € 24,762 € 25,502
0.16 € 26,413 € 27,202
0.17 € 28,064 € 28,902
0.18 € 29,715 € 30,602

The UPT and DPB for both CB0 and CL0 were calculated in Figure 24. Three different
D% were used: 3, 8, and 11%. The investment of a GHP of CB0 would barely make it
through the 15 years mark at D% of 11%. CL0 had longer UPT and DPB at the beginning,
but then it became relatively close, as the energy price started to increase. The energy
savings of both CB0 and CL0 were found to be around 20 k€ per year at the energy price of
0.12 €/kWh with a UPT and DPB that were much less than that of the LEF case at D% of 3
and 5%. In fact, the energy savings each year with GHP in both cases were about 80% of the
investment and installation costs of LEF alone. This result, in combination with the reduced
energy usage and emissions, makes GHPs a very attractive retrofitting measure that fulfills
the visions of an increased BEP while sustaining an acceptable thermal comfort level.
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Figure 24. UPT and DPB with D% (3%, 8%, and 11%) for CB0 and CL0.

4. Conclusions

This research evaluated the possibility of implementing energy saving measures by
changing various parameters in a building as well as an energy sensitivity analysis based
on geographical locations that involved different climate regions. This was done for a
historical building, the City Hall (Rådhuset), in Gävle, which is used as an office building
for the municipality. The various parameters evaluated were facade orientation, window
shadings, LEF, different geographical locations, and alternative energy supply. Another
goal would be to examine the economic feasibility of the investment in the newly added
parameters if the parameters resulted in energy savings. Comparisons between B cases
showed the largest difference between B0, the base case, and B4, which was the case with ES
that was sun-controlled. This difference was an increase of 5.2 kWh/m2·year. In evaluating
B0, when focusing on geographical locations, the results demonstrated that the building
required much more energy for heating in Gävle compared to the locations that were in
warmer climate regions such as Beirut and Jakarta, where more cooling was required.

A reduction of SHGs was observed when comparing the cases without shading, B0–B1
to B2–B4. The largest reduction of SHG was made by B4 which was ES with sun-controlled
configuration. It was also demonstrated that SHG for B0 was affected significantly by the
location of the city and its closeness to the equator. Jakarta and Beirut had the highest level
of SHG, while Gävle had the lowest. The total SHG for Jakarta was 48.1 kWh/m2·year,
compared to Gävle, which was 34.9 kWh/m2·year. B4 had the best overall thermal comfort
level as well as higher SDEI level amongst B0–B4. The PPD obtained for B4 was 36% lower
than for B0.

When evaluating the energy usage for L cases (L0–L4) and looking specifically into L0,
the largest difference between L0 and other L configurations was L4, which was similar
to B0–B4. A similar development was also witnessed when assessing L0 cases in different
geographical locations compared to their B0 counterparts. Once again, the evaluation of
SHG, both locally with L0–L4 and with different geographical locations for L0, follows
the same pattern as their B counterparts, but with a lower level of SHG, owing to LEF. In
terms of the thermal comfort evaluation for L0–L4, the results indicated that L4 had the
best overall thermal comfort level, as well as the highest level of SDEI compared to other
L cases.

The results from investigating the best thermal comfort configuration for each location
demonstrated that the building was not equipped with any cooling unit beside the HVAC
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that was able to cool down the supply air to 16 ◦C. However, this did not provide enough
cooling for locations such as Beirut and Jakarta.

The CO2 emissions of B0 compared to all other B and L configurations illustrated
that only B4 and B2 had higher emission levels than B0, and all other cases had lower
emissions, with L1 having the lowest emission. The difference between B0 and L1 was
731 kg CO2 eq/year.

The impact of installing a GHP for B0 (CB0) and L0 (CL0) was examined, which
indicated that there is a large reduction of the energy usage between B0 and CB0 by 57.5%,
a reduction of the CO2 emissions by 35.4% (when using the Swedish average), and an
increase of SDEI by 137.9%. Comparing B0 and CL0, the reductions of the energy usage and
the CO2 emissions (when using the Swedish average) were 59.2% and 38.0%, respectively,
while the increase of SDEI was 153.6%.

The economic feasibility of investing in LEF was calculated to 16 years when using the
UPT method, and 22 years when utilizing the DPB method (D% = 3%), with the energy price
of 0.12 €/kWh. The economic feasibility of investing in GHP for B0 (CB0) was calculated to
4.04 years when using the UPT method, and 4.36 years when applying the DPB method
(D% = 3%), with the energy price of 0.12 €/kWh. Investing in GHP for L0 (CL0) was
calculated to 5.2 years when using the UPT method, and 5.7 years when using the DPB
method (D% = 3%), with the energy price of 0.12 €/kWh.

Lessons learned from this study were that one building code does not fit all, meaning
that different locations require unique building specifications to ensure the comfort of
occupants and to reduce the energy usage. When planning for a retrofit of old buildings,
or any structures, it is important to investigate the portion of energy wasted in relation to
energy consumed i.e., bought, so that correct measures and investments are prioritized
instead of marginal ones. The building sector is facing drastic and dire times with energy
prices on the rise.

It is worth mentioning some limitations as well. The model did not include any cooling
systems that are required for hot climate regions, and this would have changed the outcome
of the results. One possibility to expand this research would be to evaluate the installation
of a photovoltaic system on the roof of the building, which could generate free electricity
for the building.
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Nomenclature

ACH old building with very high ceiling
BEP building energy performance
BPS building performance simulation software
CF cash flow
COP coefficient of performance
DH district heating
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DPB discounted payback time
D% discount rate
ES external shading
GHGs greenhouse gases
GHP geothermal heat pump
HVAC heating, ventilation, and air conditioning
IS internal shading
LEF low energy film
NPV net present value
PPD percentage of total occupant hours with thermal dissatisfaction [%]
SDEI satisfaction per delivered energy index [1/(kWh/m2·year)]
SHG solar heat gain
UPT undiscounted payback time
WWR window to wall ratio
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