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where y is the predicted output value, x; is the input value of design parameter j and f; is
the regression coefficient of parameter j. The regression coefficients already give some
idea about how significant the input parameters are in respect to the output. However,
these coefficients depend upon the units of the corresponding input parameters, which in
building energy analyses do not have the same order of magnitude. For example, the
building floor area can be 5000 m?, while the wall U-value is 0,4 W/m?K. Thus, the
regression coefficients have to be normalized in order to be able to compare them to each
other. [52] For this purpose, multiple different indicators can be utilized, such as
Standardized Regression Coefficient (SRC), Partial correlation coefficient PCC, as well
as their rank transformations SRRC and PRCC [16]. Of these indicators, SRC is used in
this thesis. SRC is calculated for each input parameter separately with the following
equation:

_ Sx,j
SRCi(x;,y) = B; ; (2.4)

where sy, is the estimated standard deviation of the input parameter (x;) and s, is the
estimated standard deviation of the output (). These SRCs can then be quantitatively
compared to each other in order to assess the sensitivity of the model to these parameters.
The higher the SRC value of an input parameter is, the more sensitive the model is to that
parameter. [52] The SRCs can get values between -1 and +1. However, the sign only
indicates to which direction the output changes when the input parameter is changed. In
building energy analyses, the direction is usually well known beforehand, and thus it
might be better to use absolute values to make the comparison of the SRC values easier.

It should be noted, however, that the standard deviation of a uniformly distributed
parameter is directly proportional to the difference between its maximum and minimum
values. [52] This means that the width of the input value range has a very high impact on
the SRC values, making the determining of input variations the most crucial part of
performing sensitivity analysis.

2.3.5 Visualization

Visualization is an important aspect of both sensitivity and uncertainty analyses.
Regarding sensitivity analysis results, the most commonly used visualization is the bar
chart. An example of such a chart is shown in Figure 2.14, which represents the sensitivity
of annual cooling (blue bars) and heating (white bars) in some specific case. [47] The
lengths of the bars indicate the SRC values of each parameter, which allows easy
comparison of the relative significance of the parameters. In this example, infiltration rate
seems to be the only parameter affecting annual cooling, and it has the highest influence
on annual heating as well. As shown in this figure, it is possible to visualize the sensitivity
of multiple outputs in the same chart with bars of different colors. In this example, the
bars are horizontal, but vertical bars are often used as well.
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a good overall view of the sensitivities. In this work, a new weighted visualization method
for sensitivity analysis is introduced and demonstrated in order to solve this problem.

The idea is to divide the KPIs into a few groups, for which the user can give specific
weighting factors in the “Requirement setup” section of the KPA tool. One suggestion
for the grouping is given in Table 3.2. This could be a default grouping, which could be
changed by the user if necessary. The weighting is done with percentages. For example,
the user could input 40 % for costs, 20 % for energy, 20 % for comfort, 10 % for emissions
and 10 % for sizing. These weighting factors are then taken into account in visualizing
only one combined sensitivity bar chart, which takes all the KPIs into account. This is
done by simply calculating the weighted averages of all the SRC values for each
parameter.

This kind of visualization method makes it possible to show only one sensitivity bar chart,
which includes all the KPIs and takes the preferences of the user into account. By dividing
the KPIs into groups, it is easier and faster to determine these weighting percentages. This
visualization method, however, is not useful in the sensitivity analysis for data collection,
because at that phase it is only beneficial to assess the sensitivity of energy consumptions.
Instead, when simulating different retrofit design alternatives, this could be used to assess
which are the most important elements to retrofit based on the user’s preferences. This
new visualization method will be demonstrated later in Section 4.3.3.2, as a part of the
process piloting.

Table 3.2. Suggestion for dividing the KPIs into groups.

Group name Key performance indicator
LCC [€]
Costs Investment cost [€]

Purchased energy cost [€/m?]
Total energy need [kWh/m?]
Heating energy need [kWh/m?]
Energy Cooling energy need [kWh/m?]
Electrical energy need [kWh/m?]

Primary energy (E-value) [kWh/m?]
Comfort Comfort index [%]

Emissions Purchased energy CO, [kg CO,/m?]
Building envelope heat loss [W/m?]

Heating space max [W/m?]
Heating AC max [W/m?]
Sizing Heating total max [W/m?]
Cooling space max [W/m?]
Cooling AC max [W/m?]
Cooling total max [W/m?]
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3.5 Uncertainty analysis

Currently, uncertainty analysis is not supported in the KPA tool. Since it would be
important to take the uncertainties into account in the decision making, uncertainty
analysis is included in the process and will be implemented in the KPA tool in the
framework of this thesis.

3.5.1 Implementation in the KPA tool

For the implementation of uncertainty analysis in the KPA tool, some requirements were
set. The uncertainty analysis setup should be easy for the user, while providing
informative visualization. The visualization should also allow easy comparison of various
retrofitting alternatives. In addition, it should be possible to simulate and analyze certain
and uncertain parameters at the same time. In other words, the KPA tool needs to have a
function to separate design (certain) and scenario (uncertain) parameters from each other.

In order to simulate and analyze certain and uncertain parameters at the same time, it was
decided that the user can divide the simulation input parameters into design parameters
and uncertain scenario parameters. Design parameters are considered to be certain, and
they define the design alternatives. The other parameters are considered to be uncertain,
which cause the uncertainties in the results. In Figure 3.9 is presented a simple version of
a CSV-file which is uploaded into the KPA tool. In this case, window area and the U-
values of walls, roofs and floors are chosen as the defining design parameters, while
internal load schedules are uncertain scenario parameters. The tool then groups all cases
that have the same design parameters into the same group, in this example to alternative
1 and alternative 2. Thus, the variation in the output caused by the uncertain parameters
can be seen in the KPI column. This allows the uncertainties to be simulated in the same
simulation round as the design alternatives.

Design parameters Uncertain parameters KPIs

‘I; - III n g ‘I; "

f ) ! |

£ U... Floor U... Window mA... People load sc... Equip load sch... Light load sch... kpi_Total ener...
3 0.13 15 1377 1566 1377 101.9
i3 0.13 15 1377 1377 2628 110.7
Alt_ 1 o0.12 3 0.13 15 1377 1568 1566 102.8
3 0.13 15 1566 1377 1377 938.5
3 0.13 15 1377 1566 2628 11172
— 0.12 0.13 0.13 15 1566 1566 1566 105.3
0.17 0.18 0.16 20 1566 1568 2628 114.8

7 0.18 0.16 20 1566 1377 1377 104.7
) 0.18 0.16 20 1566 1377 1566 105.6
7 0.18 0.16 20 1566 1377 2628 114.2
2y 0.18 0.1 20 1566 1377 2628 133.6
7 0.19 0.16 20 1566 1377 1566 127.2

Alt. 24

Figure 3.9. Division of parameters into design parameters and uncertain parameters.

There are multiple possibilities for the visualization of the uncertainty, such as
histograms, different kinds of box plot, as well as the PDF and ECDF. However, at this
stage only a simple scatter plot for the visualization of minimum, maximum and average
values was implemented. An example of this visualization is shown in Figure 3.10. The
different design alternatives are lined up in the x-axis with ID-numbers, and the chosen
KPI is on the y-axis. Each red dot represents one simulation case. The user can freely
change the design parameters that define the alternatives and the KPI shown in the y-axis.
This visualization method was easy to implement, easy to understand and it allows easy
comparison of various design alternatives simultaneously. However, it does not provide
much information about the dispersion of the cases. Nevertheless, uncertainty analysis in
the KPA tool will be tested with this simple visualization first, and more advanced
methods are considered later, if necessary.
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Figure 3.10. Visualization of the uncertainties in the KPA tool. This example figure illustrates the
uncertainty of primary energy need for six different retrofit design alternatives.

3.5.2 Utilization in the process

Two different options were considered for implementing uncertainty analysis in the
process. The first option is to include the uncertain parameters already in the first retrofit
alternative simulations. This would make the process faster and simpler, since only one
simulation round would give KPI results, as well as uncertainty and sensitivity analysis
results. However, this would increase the number of combinations dramatically. For
example, if there are 1000 possible retrofit alternatives, and 1000 possible uncertainty
scenarios, the total number of combinations would be one million. A group this large
would need much larger random sample in order to represent all alternatives sufficiently.
Moreover, with the random sample there would also be a risk that the uncertain scenarios
would not distribute evenly among the different alternatives. For example, one design
alternative could get the worst case scenario from the random sampling, while some other
alternative does not get it, which would make the other alternative look better. Also,
simulating retrofit alternatives and uncertainties at the same time would make the
sensitivity analysis results difficult to interpret. It would be better to analyze the
sensitivity to design parameters and to uncertain parameters separately.

The second option is to first simulate a larger group of retrofit design alternatives without
uncertainty analysis. After analyzing the results, a smaller group of promising alternatives
is chosen from the large group, for which the uncertainty analysis is performed with
another simulation round. This would solve the problem of too large total number of
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combinations for one simulation round. Additionally, this allows more uncertain
scenarios to be simulated with the same computational time, since the uncertainty
simulation is done only for a smaller group. It might also be feasible to simulate all the
uncertain scenarios in the second simulation round, because some of the uncertain
parameters do not require energy calculation, making the calculation much faster. As a
drawback, this option causes a bit more work for the user, since another simulation round
is required. Furthermore, uncertainties are only analyzed for the chosen small group in
this option.

Both options were tested with test simulation rounds. The first option proved to be hard
to interpret in the KPA tool visualization, since there was not yet any way of seeing which
uncertain cases belong to which design alternative in the scatter plot. At this point, the
grouping of design parameters and uncertain parameters only functioned for the
uncertainty visualization (Figure 3.10). Thus, it was difficult to determine which design
alternatives seemed promising, since the scatter plot was mixed with the different
uncertain scenarios. The second option did not have these problems with the visualization.
Additionally, it was assumed that it is enough to evaluate the uncertainties of only the
most promising design alternatives. Therefore, the second option was chosen as the way
of utilizing uncertainty analysis in the process.

3.6 Process flow and description

The proposed process for energy analysis of neighborhood-scale retrofit projects is
presented in the following two sections, divided into the basic and advanced modes. This
process flow has been fully developed in this thesis, while utilizing parts from previous
work, as described in Section 3.1. The two operational modes act as phases in the process.
Building retrofit projects are started in the basic mode, which could be utilized in the
conceptual design phase. Based on the results obtained from the basic mode energy
analysis, it is decided whether further energy analysis is needed or not. If retrofitting the
building or multiple buildings appears to be feasible and more accurate simulations are
required, the project should move forward to the advanced mode. The advanced mode
could be utilized in the schematic design and design development phases.

In this work, only the pre-construction part of energy analyses is considered. The
operations made in both modes are illustrated in separate process flow charts (Figure 3.11
and Figure 3.12), and described with more detail in the text. In these figures, abbreviation
“SA” is used for sensitivity analysis and “UA” for uncertainty analysis. Here, the process
is described only in a rather general way, and thus it might be hard to assimilate. A clearer
view of the process should be formed after reading Chapter 4, in which the process is
tested.

3.6.1 Basic mode
In the basic mode, the process is divided into the following three steps (Figure 3.11):
1. Assess the energy saving potential of the buildings

2. Define the current state of the building that is chosen to be retrofitted
3. Feasibility check

The purpose of the first step is to roughly estimate the energy saving potential and
profitability of retrofitting each building in the neighborhood. Based on these results, it
can be decided which of the buildings will be retrofitted. The process begins by creating
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basic level BIM models of all the neighborhood buildings for building energy simulation
purposes. If architectural drawings of the buildings are available, it is relatively fast to
create these simple models, since they are modeled without windows and rooms.
However, if the drawings cannot be acquired at this point, the basic mode BIM models
can be created with the help of any free online mapping service, such as Google maps,
OpenStreetMaps or Here Maps. This kind of procedure was described and tested in
Stjelja’s [17] thesis. Once the BIM models have been created for the buildings, their
current state energy use is analyzed with energy simulations. At this point, most of the
input parameters are still unknown. Therefore, default values from regulations or building
stock statistics are used, taking into account the building type and construction year.
However, in order to get any sensible results, the types of HVAC systems, used energy
sources, building types and construction years should be known. Next, preliminary
retrofit solutions are determined and simulated. At this point, too much time should not
be used for determining what retrofit solutions are simulated, since the aim is simply to
estimate and compare the energy saving potentials of the buildings. Also, a suggestive
life cycle cost analysis (LCCA) is performed for the simulated retrofit solutions. Based
on the results, it is decided which building or buildings are going to be retrofitted. To
simplify, let us assume that only one building is chosen to be retrofitted.

The aim of the second step is to define the current state of the chosen building in order
to perform more accurate energy and LCC analysis. Most likely there is a lot of missing
data at this point. Therefore, sensitivity analysis is performed to support data collection,
as described previously in Section 3.4.2. Parameters that show high sensitivity for
important KPIs should then be obtained from whichever source is the most appropriate.
For parameters that show low sensitivity, default values can be used. At this point it would
also be beneficial to obtain historical energy consumption data for the building. Usually
utility bills are the easiest way of acquiring this information. This information can then
be used to filter the simulated cases to find the case that best represents the actual building
and its real energy consumptions. It is also possible that when gathering information about
the input parameters, the range of possible values is only narrowed down instead of
obtaining one absolute value. In this case, filtering the already simulated cases can be
particularly beneficial. Using this kind of procedure allows creating a good representation
of the actual building only by simulations with roughly estimated values and brief
additional data collection. At this phase the outputs (results) of the energy simulation
model are not yet very accurate but can give good guidelines for the project.

With the information obtained in the second step, a bit more realistic energy simulation
model of the building’s current state is created. Thus, the economic feasibility of the
retrofitting should be assessed again. This is conducted in the third step. The same
retrofit solutions that were used in the first step should be simulated in this step as well
in order to assess if the situation has changed in consequence of the acquired information.
If retrofitting the building still seems feasible based on the results of this step, the project
should move forward to the advanced mode.

Any final decisions about the retrofitting of the building is not yet done in the basic mode,
since the aim is only to choose the building to be retrofitted as well as to roughly estimate
the building’s current state and the feasibility of retrofitting. Also, the results cannot yet
be fully relied upon, since simple BIM models and many default values or values from
statistics are used. Thus, it is not yet sensible to assess the uncertainties at this point.
Instead, uncertainty analysis is implemented in the advanced mode, which is described in
the next section.
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3.6.2 Advanced mode

In the advanced mode, the process is divided into the following steps (Figure 3.12):

1. Define the current state of the chosen building more accurately
Find the optimal retrofit alternative
2.1. First simulation round with a large number of retrofit alternatives
2.2. Second simulation round with uncertainty analysis to support decision
making

In the first step, the current state of the building is defined in a way that it satisfies the
requirements of the advanced mode. First, the advanced mode BIM model has to be
created for the energy simulation purposes. This means adding windows and doors to
their accurate locations in the envelope, as well as defining each individual room in the
building with interior walls. At this point, it is likely that some of the needed information
about the current state of the building is still missing. If this is the case, then it is possible
to perform another sensitivity analysis round to guide the further data collection. For this
second sensitivity analysis, it needs to be reconsidered that which parameters are
parametrized and how should their ranges be determined. The parameters that showed
little significance in the previous sensitivity analysis can be left out, as well as the
parameters which are already known. For the still unknown parameters, the ranges should
be narrowed down, if possible. For example, if the construction type of the exterior wall
is found out, but the accurate U-value still remains unknown, this knowledge can be used
to narrow down the previous range of values for the wall U-value. Otherwise, the
procedure for the sensitivity analysis is exactly the same as in the basic mode. However,
it is possible that sensitivity analysis is not required anymore at this stage, making it
possible to skip this part. Once all the needed information has been obtained, the data is
inputted into the simulation software, and the energy performance of the building is
simulated. The simulated consumption should be compared to measured monthly
consumptions in order to verify the energy model. If they do not match sufficiently well,
it might be necessary to fine-tune the model. The fine-tuning can be done by varying the
parameters that are still not known with full certainty. For example, the infiltration rate
and occupancy schedules are often challenging to determine accurately, and thus they can
be varied within their possible boundaries in order to match the simulated and measured
energy consumption.

The goal of the second step, and ultimately of the whole process, is to find the optimal
retrofit design alternative. The current state building energy simulation model that was
created in the first step, will be used as a base case when comparing different retrofit
alternatives. The simulations in this step have been divided into two separate rounds. In
the first simulation round, a large number of different retrofit alternatives are simulated,
of which a smaller group of promising alternatives is chosen for the next simulation
round. In the second simulation round, the uncertainties related to the chosen design
alternatives are evaluated, based on which the final decision should be made.

Before any simulations can be performed in the second step, the possible retrofit design
alternatives have to be chosen first. In choosing the retrofit alternatives, the requirements
set for the retrofitting are the most important aspect to be taken into account. The
requirements might be, for example, to reduce the heat energy consumption to a certain
level, while improving the indoor conditions to a more satistying level. In the case that a
whole neighborhood is involved in the project, integrated systems for multiple buildings
should be considered. For example, multiple buildings might be able to utilize one
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integrated ground source heat pump. Once the retrofit design alternatives have been
chosen, the next task is to define the range of values for these alternatives. For example,
which insulation thicknesses and heat pump powers are chosen for the simulations. These
ranges should be determined so that they can be carried out in reality. If it is desired to
take cost related KPIs into account, it is also necessary to make investment cost
estimations for the different retrofitting alternatives at this point.

Once the ranges have been determined and inputted in the simulation software, the actual
simulations can be performed. If the number of combinations to be simulated is very high
(>1000), a random sample can be simulated in order to save time. Then, sensitivity
analysis should be performed from this sample in order to see which of the different
retrofit measures have the highest impact upon the results. After analyzing the actual
simulation results and the sensitivity analysis results, it is decided whether it is necessary
to simulate another random sample. If enough promising design solutions have already
been discovered, there might be no need for further samples. However, it might be wise
to utilize the sensitivity analysis results to narrow down the input ranges, and thus reduce
the number of combinations. For example, if it is noticed that adding insulation to the
roof has very little significance, the number of different roof insulation thicknesses can
be reduced. Or, if it seems necessary to renew windows to satisfy the requirements, the
original window can be left out of the simulations. After the new ranges have been
defined, another random sample is simulated and analyzed. This iterative procedure can
then be carried out for as long as it is necessary. On the other hand, if the number of
combinations is low (>1000) it makes sense to simulate all the cases. In this case, the
sensitivities can again be analyzed, but it might not be necessary in order to find the
optimal cases. Either way, the first simulation round should result in choosing a smaller
group (<10) of promising retrofit design alternatives. The best way of finding the most
promising alternatives is to visualize the simulated cases in a scatter plot, with conflicting
KPIs on the axes, for example, primary energy need on the other axis and LCC on the
other axis. Then, the most optimal cases regarding these two KPIs can be found from the
pareto frontier. Additionally, the simulated cases should be filtered with the requirements
set for the retrofitting in order to leave out the alternatives with undesirable results.

Next, the smaller group of chosen retrofit design alternatives continue to the second
simulation round, in which uncertainty analysis is utilized to support the decision making
between these remaining alternatives. In order to analyze the uncertainties related to these
alternatives, it is first necessary to define ranges for the uncertain scenario parameters.
The most important uncertainties to be taken into account are weather and energy price
escalations, but other parameters can also be included, depending upon the nature of the
project. For example, the usage schedules of the building might be uncertain. Again, it
should be considered carefully what kind of scenarios could be possible, and avoid
defining the ranges too narrow or too wide. This is, however, rather challenging because
of the unpredictable nature of many uncertain parameters. Once the ranges for the
uncertain parameters have been defined, a random sample is again generated for the
simulation. If the number of combinations is not too high, it is also possible to simulate
every case. Then, the uncertainties related to each of the remaining retrofit design
alternatives are analyzed, based on which a decision is made between these alternatives.
At this point, it is also beneficial to assess the sensitivity of the energy simulation model
to these uncertainties in order to see which parameters are the most responsible for
causing these uncertainties.
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4 Piloting of the new process and the advanced
methods

Piloting of the new process is presented in this chapter. First, the pilot project

neighborhood is described in section 4.1. The actual energy analysis process is divided
into sections 4.2 and 4.3 for the basic mode and advanced modes analysis, respectively.

4.1 Description of the pilot project neighborhood

The pilot project neighborhood is located in the city of Seindjoki, Finland. Seindjoki is a
relatively small city located in the center of South Ostrobothnia (Figure 4.1) with a
population of 61,500 residents [58]. The neighborhood consists of four buildings that
were originally built in 1930 to serve as county hospital of Seindjoki, but since the 1980s
the hospital moved elsewhere. Today, the buildings are owned by the City of Seindjoki
and are being used for multiple different purposes.

Suomi R

-

i i1

ect (Google Maps).

Fgure 4.1. ocaton of the pilot roj

The locations and names of all four building are illustrated in Figure 4.2. The main
building (1) is used for educational purposes by the Music School of Ostrobothnia and
Seindjoki University of Applied Sciences. Next to the main building lies another similar
building, which is named in this work as the office building (2). It used to be an
outbuilding when the neighborhood acted as a hospital, but today it offers space to a
dental clinic, health care for students and office space for a few organizations. North of
the office building lies a third building, which was originally a boiler house (3) during the
time when the buildings were heated by a large wood fired boiler. Today, the buildings
are connected to the local district heating network, and the heat distribution room is
located in the old boiler house. Additionally, this smaller building is used as an office
space by the Parks Department of Seindjoki and city-owned Marttilan Kortteeri
Company, which is responsible for housing the students. The fourth building, Kivirikko
house (4), was originally built as an apartment for the director of the hospital. Nowadays,
it is used by Mannerheim League for Child Welfare, offering child care services and
activities for families with small children.
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\ 84, Kivirikko house

3. Boiler house
"

‘1. Main building

Figure 4.2. The pilot project neighborhood consists of 4 buildings (Google Maps).

Ground level pictures of the building facades in the winter are presented in Figures 4.3 -
4.6. From these figures can be seen that the main building, the office building and the
boiler house have been constructed in a similar way. Taking the construction year and
appearance into account, the exterior walls are likely to be plastered brickwork. Kivirikko
house has a wooden envelope and probably a concrete foundation, based on Figure 4.6.
All the buildings have pitched metal-sheeted roofs.

Figure 4.3. Main building, north-facing facade.



Figure 4.4. Office building, north and west-facing facades.
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Figure 4.6. Kivirikko house, north-facing facade.

4.2 Basic mode

The piloting of the basic mode phase of the process is described in this section. First, the
initial information that was available at the beginning of the project is presented in Section
4.2.1. Then, the creation of the BIM models used in this mode is described in Section
4.2.2. After this, the energy saving potential of the buildings is assessed in Section 4.2.3,
based on which the building to be retrofitted is chosen. Next, the current state of the
chosen building is defined in Section 4.2.4, including the sensitivity analysis for data
collection and defining the simulation case that best represents the chosen building.
Lastly, the economic feasibility of retrofitting the chosen building is checked in Section
4.2.5.

4.2.1 Initial information

At the beginning of the project, there was not much information available about the
buildings. Luckily, architectural drawings of the buildings were acquired, which allows
much easier generation of the BIM models. Additionally, an employee of the City of
Seindjoki, Puska A. [59], had made a short report about the energy saving potential of
these buildings, with focus on building automation. In this report, the current state of
technical systems is assessed briefly and the energy consumptions of the buildings are
compared to statistics. For energy analysis purposes, this report includes some useful
information, such as measured consumptions of heat, electricity and water from year
2014, the types and conditions of the technical systems and the use purposes of the
buildings. However, specific values are not given to any parameters that are needed in the
energy simulations. Moreover, the neighborhood has only one combined heat energy
meter for all the buildings, making it more difficult to calibrate the energy simulation
models. Data about many important parameters, including air flow rates, schedules of air
handling units and renovation history of the building, was still missing at this point. Thus,
many default values from the regulations or building stock statistics had to be used.
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Building specific information known at this point is summarized in Table 4.1. In addition,
information that applies to all the buildings is the following:

e All buildings are heated by district heating and old cast iron radiators.
e The buildings do not have cooling.
e The construction of the buildings was finished in 1930.

Table 4.1. Initial information about the buildings at the beginning of the project.

- Quantity Measured Measured
i Building I . .
- Building Ventilation of air electricity heat
Building volume . . .
type [m?] system type | handling | consumption | consumption
units [kWh] [kwh]
. . Mechanical
Main Bducational | - 50315 | with heat 3 418 050
building building
recovery
Office dei)r1f::|ea{1d Mechanical
- 14 404 with heat 3 135 602
building health
. recovery
services no data
Boiler house |  Office 4550 Natural 0 48 847
ventilation
L Mechanical
Kivirikko Day care 1508 with heat 1 10180
house center
recovery
All buildings - 48 772 - 7 612 679 1768 963

4.2.2 BIM models for energy simulation

The basic mode BIM models of the buildings were created with MagiCAD Room
software. With this software it is fast to create accurate technical 3D models of buildings
by having an architectural drawing as a reference file and drawing the walls on top of the
drawing. The basic mode models are very fast to create since only exterior walls, roofs
and floors are modeled. If architectural drawings are available, the only additional
information needed is the floor heights. The construction materials and their thermal
properties are defined later in the simulation software; thus it was not necessary to
consider them while creating the models. However, the walls were created to match the
wall thickness in the architectural drawings. In the basic mode, individual rooms are not
modeled, but here the floors were divided into zones by users, based on the space
allocation drawing that was available. Figure 4.7 is a snapshot taken from the MagiCAD
Room 3D preview without roof, thus revealing the top floor. For this building, the top
floor is divided into three spaces, a staircase and office spaces for two different
organizations. Once models were ready in MagiCAD Room, they were exported as IFC
files, which could then used as input files for the RIUSKA energy simulation software.
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Figure 4.7. Basic mode geometry model of the office building in MagiCAD Room 3D preview.

In the basic mode, windows are not yet accurately modeled. Instead, the window area per
exterior wall area is approximated and added to the model. RIUSKA has an automatic
feature for adding the windows by giving it the window area percentage. The space
boundaries of the model are based on an internal room view, resulting in gaps in the
exterior wall between floors and walls when the model is exported as an IFC-file [11].
RIUSKA has also a feature for filling these gaps. Figure 4.8 illustrates the procedure of
adding windows and filling the gaps for the main building model in RIUSKA. Figure 4.9
represent the geometric models of all four buildings after the windows were added and
gaps filled.

Figure 4.8. Adding windows and filling wall gaps for the main building model in RIUSKA.



1. Main building 2. Office building

2. Boiler house
2. Kivirikko house

Figure 4.9. Basic mode geometry models of all the buildings in RIUSKA’s viewer.

4.2.3 Assessing the energy saving potential of all the buildings

Next, the current state of the buildings is simulated with single simulations, using default
values as input parameters. Then, simple parametrized retrofit simulations and LCC
calculations are performed for each building. The purpose of doing this is to quickly get
a rough estimation of the energy consumptions and to estimate which building has the
highest energy-saving potential. In addition, the profitability of retrofitting these
buildings is preliminary evaluated. Based on the results, the building to be retrofitted is
chosen.

4.2.3.1 Current state of the buildings

In order to assess the energy saving potential of these four buildings, some estimation of
their current energy performance is needed. Since most of the needed input data for
simulations is still unknown, many default values or values from statistics need to be
used. The input parameters used at this point and their sources are presented in Table 4.2.
The sources are denoted by colors, and the explanations are given in Table 4.3. Most of
the values are default values from the Finnish E-value calculation instructions [60] or
from the Finnish building regulations part D3 [25]. These values are meant to be used in
official energy calculations if more accurate information cannot be obtained. For
example, in the E-value calculation instructions is given a table containing typical design
U-values depending on the construction year and building type. Additionally, the Finnish
energy certificate guide includes an appendix [61] containing typical design U-values for
old existing buildings according to age and type. In this appendix, there was a building
type similar to Kivirikko House, but there was not a building type that could represent the
other buildings. The exact types of the heat recovery units (HRU) were not known at this
point, but it was estimated that they would most likely be rotating heat exchangers.
Therefore, the default value given in RIUSKA for HRU supply air temperature efficiency
(80 %) was used. The typical efficiency of rotating HRUs is between 60 % and 80 %, so
a lower value could have been used as well. Since Seindjoki is located in the weather zone
I1, the Finnish building regulations require that the Helsinki-Vantaa Test Reference Year
(TRY) 2012 weather file is used.



Table 4.2. Input values used in the first simulations to roughly evaluate the current state of the
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buildings. The information sources are denoted with colors, which are explained in Table 4.3.
_ Main Office Boiler Kivirikko
g Building name building building house house
] Educational Day care
& _— ) .

Building type building Office Office -
> Heated net room area [m?] 6908 3431 625 355
E Volume [m?3] 21859 10895 2315 1031
% Exterior wall area [m?] 3522 2250 762 346
] Roof area [m?] 1653 859 367 285,7
° .
E0 Window area per external wall
area 15% 15% 15% 15%
o Exterior wall U-value [W/mZK] 0,81 0,81 0,81 0,64
& | Roof U-value [W/m2K] 0,47 0,47 0,47 0,45
bo
& | Ground slab U-value [W/m?2K] 0,47 0,47 0,47 0,33
:'g’. Window U-value [W/m?2K] 2,8 2,8 2,8 2,8
‘9 | Window g-value [%] 70 % 70 % 70 % 70 %
S | Infiltration rate nso [1/h] 6 6 12?) 6
Ventilation type Mechanical | Mechanical Natural Mechanical
Ventilation rate [dm3/(sm?)] 3 2 - 3
Heat recovery unit efficiency® 80 % 80 % - 80 %
Specific fan power of air handling
units [W/(Is)] 2> % ) 28
Heating set point [°C] 21 21 21 21
Anngal efficiency of district 0,97 0,97 0,97 0,97
heating system
E He.at.ing distribution system 0,9 0,9 0,9 0.9
] efficiency
wn
> . .
a Heatlr'1g' system aux. devices 13816 6362 1250 710
-3 electricity demand [kWh/m?a]
>
T DHW heat demand [kWh/(m?a) 11 6 6 11
DHW transmission efficiency 0,89 0,88 0,88 0,89
DHW circulation loop heat loss 0 40 0 40
(W/m]
DHW circulation | length
2C|rcu ation loop leng 0,02 0,02 0,02 0,02
[m/m?]
DHVC\)/ circulation pump power 360 160 30 80
(W]
DHW circulation pump electricity
demand [kWh/a] 3154 1402 701 701
“ People heat load [W/m?] 14 5 5 14
]
b Equipment heat load [W/m?] 8 12 12 8
= Lighting heat load [W/m?] 18 12 12 18
Building usage time in weekdays 8:00 - 7:00- 8:00 -
7:00-18:00
@ (sat - sun closed) 16:00 18:00 16:00
E Internal load annual hours 2088 2871 2871 2088
w .
§ ,;-}HU annual operational hours [h] 2610 3393 3393 2610
Utilization rate © 0,6 0,65 0,65 0,6
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Table 4.3. Explanations for the color coding and additional notes about the input values shown in
the previous table.
Information sources in the previous table are color coded as follows:
Energy saving potential report [59]
Basic mode BIM model that was created based on the architectural floor drawings
Window area was estimated based on the architectural facade drawings
Default value from Finnish building regulations part D3 [25]
Equation from Finnish building regulations part D5 [62]
Finnish E-value calculation instructions [60]
Finnish energy certificate guide, appendix containing typical values for existing buildings [61]
Default value in RIUSKA
Additional notes about the input values in the previous table:
a) For the naturally ventilated boiler house, air change rate of 0,5 1/h was used by adjusting
inflitration.
b) Supply air temperature efficiency in design conditions, when supply and exhaust air flow rates are
equal.
c) The design flow of DHW was estimated from the architectural drawings, which was then used to
calculate the pump power.
d) It is assumed that the AHUs are turned on one hour before the building opens and is turned off
one hour after the building has been closed.

e) Utilization rate is the average usage of lighting and equipment, as well as average occupation in the
building during the usage time.

Simulating with these default values is fast to do in RIUSKA, since it has a feature that
automatically changes the schedules, internal loads and air flow rates to default regulation
values according to the building type. However, the U-values, system types, HRU
efficiency, domestic hot water usage and HVAC auxiliary electricity demand have to be
inputted manually. The constructions were determined by modifying the most appropriate
default structures in RIUSKA to get the desired U-values

The simulation results using these input values are presented in Table 4.4. This table
presents the purchased heat, electricity and primary energy for each building, as well as
the percentages of total consumption. Based on these results, the main building consumes
most of the heat and electricity, approximately 60 % of the total consumption. This was
a predicted outcome, since the main building is the largest of the buildings. Nevertheless,
this would indicate that retrofitting the main building would have the greatest total energy
savings. The office building is the second largest consumer of energy, while the
consumptions of the boiler house and Kivirikko house are comparatively low.

Table 4.4. Simulation results of the current state of the buildings with default values.
Purchaced heat Purchaced electricity Primary energy (E-value)
Building [kwh/ [kwh/ [kwh/

name [MWh/a] m?a] % |[[MWh/a] mZa] % |[[MWh/a] mZa] %
Main
building
Office
building
Boiler
house
Kivirikko
house
TOTAL 1864,7 100 %| 645,84 100 %| 2403,2 100 %

1154 167,1 619%| 377,3 54,6 58,4 %| 1449,2 210 60,3%
479,8 139,8 25,7 %| 220,1 64,2 34,1%| 710,0 207 295%
156,0 2496 84 % 29,9 479 4,6%]| 160,0 257 6,7 %

74,9 210,9 40%| 18,54 52,2 29% 84,0 237 35%
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In order to assess the accuracy of these results, they are compared to the measured
consumptions in Table 4.5. Since the neighborhood has only one shared heat energy
meter, only the total heat consumption can be compared. The actual heat demand depends
heavily upon the weather of each individual year. Thus, in order to compare the heat
consumptions, the measured heat consumption had to be normalized to reflect the same
weather conditions used in the simulations. The total simulated heat and electricity
consumptions seem to be rather close to the measured values: the total simulated
electricity consumption is 5,5 % percent higher and the total simulated heat consumption
is 4,7 % higher than the measured value. However, there are large differences between
the simulated and measured electricity consumptions of individual buildings. This would
indicate that the light and equipment loads are not in reality close to the default values
that were used in these simulations.

Table 4.5. Comparison of simulated consumptions to measured 2014 data. Measured total heat
consumption is normalized.

Electricity Heat
Measured

Building | Simulated Measured Difference | Simulated (normalized) Difference
name | [MWh/a] [MWh/a] [%] [MWh/a] [MWh/a] [%]
Main 3773 41805  -97% 1154 no data -
building
Officg 220,1 135,05 63,0 % 479,8 no data -
building
Boiler 29,9 48,857 -38,8% 156 no data -
house
Kivirikko | 1g 54 10,18 82,1% 74,94 no data -
house
TOTAL 646 612 5,5% 1865 1780 4,7 %

4.2.3.2 Simple retrofit simulations and LCCA

In order to further assess the energy saving potential of these four buildings, simple
retrofit simulations and life cycle cost analysis (LCCA) were performed. The chosen
retrofit alternatives are presented in Table 4.6, including five alternatives for both exterior
wall and roof, as well as three alternatives for windows, resulting in the total combination
of 75 different alternatives. The same alternatives are used for all the buildings. These are
fast to simulate simultaneously in RIUSKA with the parametrization feature.

For the exterior walls and roof, these alternatives consist of different thicknesses of
additional mineral wool insulation. For the windows, the original default window type (U
= 2,8 W/m?K) and two types with better U-values (1,0 and 0,8 W/m?K) were chosen.
These retrofit alternatives were chosen because of restrictions in the available investment
cost data and restrictions in RIUSKA. Nevertheless, the aim of this step is only to assess
the energy saving potential of the buildings and not make any final decision about the
actual retrofitting. The U-values of the exterior walls and the roof were determined in
RIUSKA by adding the insulation material to the default structure that was used in the
previous simulations.
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Table 4.6. Retrofit alternatives for the basic mode simulations.

Parameter name | Alternatives

Default: no insulation (U = 0,81 W/m?K)

EW1: 50 mm mineral wool (U = 0,39 W/mZK)
EW2: 100 mm mineral wool (U = 0,25 W/m?2K)
EWS3: 150 mm mineral wool (U = 0,18 W/m?K)
EW4: 200 mm mineral wool (U = 0,14 W/m?2K)
Default: no insulation (U = 0,47 W/m?K)

R1: 100 mm mineral wool (U = 0,19 W/m?2K)
Roof type R1: 150 mm mineral wool (U = 0,15 W/m2K)
R1: 200 mm mineral wool (U = 0,12 W/m?K)
R1: 400 mm mineral wool (U = 0,07 W/m?K)

Default: double-glazed window (U = 2,8 W/m?K and g = 70 %)

W1: triple-glazed window with argon filling (U = 1,0 W/m?K and g = 50
Window type %)

W1: triple-glazed window with argon filling (U = 0,8 W/m?2K and g = 34
%)

External wall
type

After the simulations, LCCA was performed separately with Excel, since at it was not yet
possible to calculate costs in RIUSKA at that time. The aim of LCCA at this point is only
to roughly evaluate and compare the economic feasibility of retrofitting these buildings
in order to decide which building is going to be retrofitted. The net present value (NPV)
of investment for each retrofit alternative was calculated using a cash flow statement with
a 25-year period and interest rate of 3 %. Energy savings of each retrofit alternative were
calculated by comparing the retrofitted consumptions to the base case consumptions (see
Table 4.4). The savings from reduced energy consumptions were considered as a positive
cash flow in these calculations. Thus, if the NPV is positive, the investment is profitable.
Additionally, simple payback times without discounting were also calculated. The used
investment cost data and economic variables are presented in Appendix 1.

The retrofit alternatives with the highest NPV for each building are listed in Table 4.7.
Based on these results, it would seem profitable to retrofit all four buildings. The simple
payback times are less than five years for each building. With the investment cost data
used here, it would not seem profitable to retrofit windows for any of the four buildings.
Adding insulation to the exterior walls and the roof, however, seems profitable. The
highest NPV per floor area is for the boiler house, since it is the only building with natural
ventilation, and thus it has the highest heat losses. Nevertheless, since the main building
is the largest building, it also has the highest total NPV of investment (341 k€), even
though its NPV per floor area is not the highest. Thus, the main building should be
retrofitted first, and is chosen to be further analyzed in this work. In this case, since all
the buildings are quite similar, the outcome could rather easily have been predicted
without simulations. If the neighborhood had buildings from different ages and types, it
would not have been so obvious.

However, these NPV values cannot be heavily relied upon, since the used cost data is
likely to be too optimistic, at least for the exterior wall insulation. Here, only material
costs and rough estimate for installing the insulation were taken into account (see
Appendix 1 for details). In reality, there would be many other additional costs, such as
dismantling the old wall structure and adding new plastering. Adding thermal insulation
or replacing windows alone is not usually economically profitable. Nevertheless, if
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building facade has to be renovated either way, then adding insulation should be
considered. The goal of this thesis is not to perform accurate LCC analysis, and this was
done only for demonstration as a part of the new process. In real projects, more time and
efforts would be needed in determining the investment costs.

Table 4.7. Retrofit cases with the highest NPV of investment for each building (basic mode).

Consumptions Investment NPV of 3

U-values [W/(m?2-K)] [kWh/m?] costs investment .§ -

>0

> Q o

gl 5| 8| g E| 2 T m| T| gt

S -

Building | 5 = 2 2| 3 2| = w| = £

name w

Main | 528 | 0,14 | 0,12 | 107,7 | 546 | 169 | 133 | 92 | 4932 | 341 | 3,70
building

Office | 578 | 0,14 | 0,12 | 82,8 | 642 | 168 | 145 | 50 |4570 | 157 | 4,20
building
Boiler

2,78 | 0,14 | 0,12 | 1393 | 47,9 | 179 | 29,7 | 19 | 86,84 | 54 | 4,44
house

Kl'q"'”kk° 2,78 | 0,13 | 0,15 | 137,3 | 52,2 | 185 | 205 | 7 |[57,14| 20 | 4,60
ouse

4.2.4 Defining the current state of the main building

In the previous section, the energy saving potential and economic feasibility of retrofitting
the buildings was assessed, using default values from regulations and statistics. The main
building was chosen to be further analyzed, and thus more information about it is needed.
In this section, sensitivity analysis is performed to guide the data collection, and a more
precise energy simulation model of the main building’s current state is created.

4.2.4.1 Parametrization and defining input ranges for sensitivity
analysis
Next, sensitivity analysis will be carried out for guiding the data collection. Data
collection should be focused on the parameters proved to be the most influential, while
default values could be used for the least influential parameters. In other words, the aim
of this sensitivity analysis is to help decide that to which parameters it should be invested
time and money for determining them more accurately.

The following parameters were chosen for parametrization: external wall U-value, roof
U-value, ground floor U-value, window U-value, infiltration rate (ns50), HRU supply
temperature efficiency, equipment thermal load, lighting thermal load, air flow rate and
building schedules. These parameters and their ranges are presented in Table 4.8. More
details about the schedules is given in Table 4.9. For all other input parameters, the same
default values that were used before (see Table 4.2) are used in these simulations as well.

At this point, there was no point in parametrizing weather, since the aim is to guide the
data collection and to define the current state of the building. The orientation angle of the
building was already known from the architectural drawings, and thus it was not
parametrized. Heat load from people (i.e. average people density) could also have been
parametrized. However, it was excluded because it would be difficult to find better
approximate than the value from regulations, and thus its sensitivity was not of interest.
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Window area was not parametrized, since the windows will be modeled accurately in the
advanced mode.

Table 4.8. Parametrization of input parameters for the sensitivity analysis simulations.

Input parameter Parameter range
External wall U-value [W/m?K] 0,70/0,81 /1,00
Roof U-value [W/m?K] 0,38/0,47 /0,55
Ground floor U-value [W/m?K] 0,38/0,47 /0,55
Window U-value [W/mK] 2,8/3,3
Ventilation rate [dm3/(sm?)] 1,0/1,5/2,0
Infiltration nso [1/h] 4,0/5,0/6,0

HRU efficiency 50%/60%/70%/80%
Equipment thermal load [W/m?] 5/10/15

Lighting thermal load [W/m?] 10/15/20
Schedule, AHU operational hours [h] 2610/3132 /3501
Total number of combinations: 52488

Table 4.9. Building usage schedules in the parametrized options.

Building usage time Building Annual hours

Schedule closed | Utilization

) f a) |AHUs Internal

option | Weekdays Weekends or rate b) | loads [h/
holidays [h/a] oads [h/a]

Option 1 | 8:00-16:00 closed No 0,6 2610 2088
Option 2 | 8:00 - 18:00 closed No 0,6 3132 2610
Option 3 | 7:00 - 20:00 10:00 - 12:00 Yes®) 0,6 3501 3196

a) Utilization rate is the average usage of lighting and equipment, as well as the average
occupation in the building during the usage time.

b) It is assumed that the AHUs are turned on one hour before the building opens and are
turned off one hour after the building has been closed.

c) Building closed for 9 weeks during the summer in option 3.

In choosing the input parameter ranges, statistical information was used for the envelope
parameters. For the other parameters, values from regulations were used as a starting
point, and complemented with knowledge from other projects and Granlund’s experts.
The chosen range for each parameter is shortly justified in the following paragraphs.

In defining the range of the external wall U-value, Figure 4.10 was used, which presents
the statistical values in Finnish public building stock as a function of construction year.
The buildings were under construction in the end of 1920s and finished in the year 1930.
Thus, based on Figure 4.10, a range of 0,70 — 1,00 W/m?K was chosen for the external
wall U-value.

A similar procedure was used in determining the range for the roof U-value. Figure 4.11
presents statistical roof U-value for Finnish residential multi-storied buildings as a
function of construction year. This figure was used, since there was not a figure like this
for the roofs of public buildings. Nevertheless, it was estimated that this figure would
give a good enough estimate for the roof U-value, and thus a range of 0,38 — 0,55 W/m?K
was chosen.
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Figure 4.10. Statistical exterior wall U-value in Finnish public building stock as a function of
construction year. [61]
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Figure 4.11. Statistical roof U-value for Finnish residential multi-storied buildings as a function of
construction year. [61]

For the ground floor U-value, this kind of statistical figure was not found. Nevertheless,
the old regulation values and values for typical old buildings in [61], as well as the default
values in [60] are about the same for ground floor U-value as they are for roof U-value.
Therefore, the same range of 0,38 — 0,55 W/m?*K was chosen for the ground floor U-
value. Furthermore, since the range is the same for the roof and ground floor U-values,






65

4.2.4.2 Sensitivity analysis results

After the input parameter ranges were determined, the energy simulations were performed
with RIUSKA. With the ranges presented in Table 4.8, a total of 52488 different
combinations were available. Calculating all of these would have taken several days.
Therefore, a random sample of 1000 cases was created and simulated. The results from
these simulations were used for performing the sensitivity analysis in the KPA tool. The
sensitivities of the three most important KPIs are presented and interpreted here: primary
energy need, heating energy need and electrical energy need. Primary energy is in
principle the same thing as E-value. However, since E-value requires that certain standard
inputs are used, this is not the official E-value. Now, it only means that the energy carriers
are weighted by their weighting factors. To avoid further confusion, the KPI name
“primary energy need” is used when not using standard conditions, and the name “E-
value” only when using standard conditions. This building only uses electricity and
district heat, which have weighting factors of 1,7 and 0,7. At this point, only these three
KPIs were of interest, since the aim is to create a building simulation model that reflects
the actual energy performance of the building in its current state.

Figure 4.12 presents the sensitivity analysis results for primary energy need, Figure 4.13
for heating energy need and Figure 4.14 for electrical energy need. The higher the bar is,
the more sensitive the model is to changes in that parameter, regarding the certain KPI
that has been analyzed. From Figure 4.12 can be seen that regarding primary energy need,
clearly the two most significant parameters are airflow rate and building usage schedules.
This makes sense, since higher airflow rate increases heat losses through the exchange of
air, as well as increase the electricity consumption of fans. Building usage schedule has a
great impact, since it includes the operational hours of AHUs and the internal loads.
Airflow rate has high impacts on primary energy and heating needs, but not that high on
electricity. Schedules, on the other hand, is the most influential parameter for electricity,
but not very important for heating energy need. This makes sense, since when the building
is closed, the electricity use is minimal, but the heat losses through the envelope will
occur regardless.

The third and fourth most significant parameters, regarding primary energy need, are
equipment and lighting thermal loads, with nearly equal SRCs. They affect greatly the
electricity consumption of the building (see Figure 4.14), since they form the majority of
the building’s electricity consumption. Regarding heating energy need (see Figure 4.13),
they do not rank as that influential. Nevertheless, since electricity has a high weighting
factor in the primary energy need calculation, they get high SRCs for primary energy
need as well.

Regarding primary energy need (see Figure 4.12), the fifth and sixth most influential
parameters are HRU efficiency and infiltration rate. Both of them have minimal effect on
electricity consumption (see Figure 4.14), since they do not directly affect anything that
consumes electricity. Airflow rates and loads remain the same regardless of what values
HRU efficiency and infiltration rate have. On the other hand, these two parameters have
the highest impact on heating energy need (see Figure 4.13). This is explained by the fact
that both parameters have a great effect in the heat losses caused by ventilation.

The U-values of the building envelope seem to be the least influential parameters in terms
of primary energy need (see Figure 4.12). The U-values of walls and windows seem to
be the most influential of the envelope components, with SRCs almost as high as
infiltration and HRU. They both have very little effect on electricity consumption (see
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Table 4.10. AHU information obtained from the property condition assessment.

Schedule Schedule Supply | Exhaust Supply
Name Service area during during HRU type air air air temp.
weekdays | weekends [m3/s] [m3/s] [°C]
. 9.00 -
TK/PK1 | Music school | 6.00-21.00 13.00 Rotary 4,8 4,8 21
Basement 6.00 -
TK/PK2.1 | andstoreys | 6.00-21.00 ) Rotary 3,2 3,2 20
18.00
1-3
Plate
6.00 - 6.00 -
TK/PK2.2 4. storey 21.00 18.00 (cross- 2,3 3,2 20
flow)
TOTAL 10,3 11,2

In terms of the envelope components, the assessment does not contain exact U-values.
Nevertheless, it included information about the used materials, which is very
advantageous in defining the U-values more accurately. The exterior walls were
determined to be solid brick walls consisting of two layers of brick with plastering and
paint on the outer side. The walls do not have any insulation material, and it was estimated
that their U-value could be between 0,8 and 1,0 W/m?K.

According to the assessment, the windows are original double glazed windows with
wooden frames. Because of the old age of the windows, they have poor air tightness, and
paint was peeling off from the frames. It was suggested that the windows should be
renovated or renewed in the near future. Moreover, they estimated that the costs of
renewing the windows could be even less than renovating the old ones. However, the
building being protected might add complications and more costs.

During the assessment, there was no documentation found about the foundation of the
building. Nevertheless, taking the construction time and place into account, they
estimated that the foundation is most probably ground-supported with natural stone or
concrete structures. The ground floors were determined to be concrete slabs.

The roofs are pitched tin roofs that are supported by a wooden frame. The attic spaces
have a concrete floor, which has later been topped with 200 millimeters of mineral wool.
In addition, during the building inspection, it was noticed that the old unused natural
ventilation ducts were still open. It was suggested that they should be closed as soon as
possible in order to reduce the heat losses through infiltration.

In addition, the assessment contained measured heat and electricity consumptions from
the past three years. Unfortunately, this data was only for the whole neighborhood. For
heat this was expected, since the neighborhood has only one heat energy meter, but the
electricity consumption was given with only one number as well, even though the
building has multiple sub-meters for electricity.

With these bits of information, it was possible to filter the earlier simulated 1000 cases
and find the case that best represents the building. In Figure 4.15 is visualized all 1000
simulation cases with parallel coordinate plot (PCP). First, these cases were filtered with
the knowledge about the heating and electrical energy consumption. The heat
consumptions given in the assessment were already normalized. However, since the
measured consumptions are for the whole neighborhood, some portion of them needed to
be allocated for the main building. Regarding heating energy, the amount allocated for
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the main building was done based on the previous simulation results summarized in Table
4.4. Thus, 61,9 % of the heat consumption was allocated for the main building. For
electricity, the allocation was done based on the measured values in [59] (see Table 4.1),
which is 68,2 %. The total measured consumptions and consumptions allocated for the
main building are presented in Table 4.11. Based on these allocated consumptions, the
possible range for heating energy consumption was determined as 155 - 170 kWh/m?a
and for electricity consumption 52 - 62 kWh/m?a. After filtering the previously simulated
1000 simulation cases with these consumption ranges, only 62 cases remained, which are
presented in Figure 4.16.

Table 4.11. Measured heat and electricity consumptions, and the portions allocated for the main

building.
Normalized heat consumption Electricity consumption
Allocated, Allocated, Allocated, Allocated,
Measured, main main Measured main main
all buildings building building all buildings building building
Year | [MWh/a] [MWh/a] [kWh/m?a] [MWh/a] [MWh/a] [kWh/m?a]
2013 1859 1150 166,6 546 373 53,9
2014 1790 1108 160,4 610 416 60,3
2015 1772 1097 158,8 601 410 59,4
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Figure 4.15. PCP visualization of all 1000 cases that were simulated for the sensitivity analysis.
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Figure 4.16. Remaining 62 simulation cases after filtering with heating and electrical energy need.

The air flows of each AHU were given in the condition assessment (see Table 4.10), based
on which the average air flow rate was calculated to be 1,49 1/sm?. Thus, the remaining
62 cases were filtered with this knowledge, after which 19 cases remained. Additionally,
the AHU operational schedules were given in the condition assessment, and it was noticed
that they were rather close to the option 3 (see Table 4.9) that was used in the previous
simulations. Schedule option 3 has 3501 operational hours, and the remaining cases were
filtered with it. After this, only four cases were remaining.

Taking the age of the AHUs and the poor condition into account, the temperature
efficiency of the rotary HRUs is likely to be around 60 - 70%. The efficiency of the plate
HRU could be below 50%, since it was very dirty during the inspection. Thus, the
remaining cases were filtered with HRU efficiency range of 50 - 60%. This dropped only
one simulation case out, leaving 3 possible cases remaining. In order to find only one
case, that would best represent the building at this point, the filtering was finished with
the window U-value, despite the fact that not much new information about it was
obtained. Nevertheless, in the condition assessment it was reported that they are original
windows from 1930, and thus it was assumed that their U-value would be closer to the
higher one (3,30 W/m?K). After this, only one simulation case remained, which is
highlighted in Figure 4.17. Table 4.12 presents the simulation inputs and outputs of this
one case. Other parameters, that were not parametrized in the sensitivity analysis, are the
same as before (see Table 4.2).

As demonstrated here, the benefits of this kind of sensitivity analysis is manifold. The
sensitivity results can be used to orient the data collection process, and the simulated cases
can then be further utilized by filtering them to find the case that best represents the actual
building. Thus, additional simulations are not necessarily needed even if all the data is
not acquired.
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Figure 4.17. The simulation case best representing the actual building after filtering with schedules,
air flow rate, HRU efficiency and window U-value.

Table 4.12. Inputs and outputs of the simulation case best representing the actual building (case
highlighted in Figure 4.17).

Inputs

& Exterior wall U-value [W/m?K] 0,81

E Roof U-value [W/mK] 0,38

oo

& | Ground slab U-value [W/m?K] 0,55

(]

S | Window U-value [W/m’K] 3,33

% Window g-value [%] 48 %

* | Infiltration rate nso[1/h] 6

< | Ventilation rate [dm3/(sm?)] 1,5

= . . . o

T | Heat recovery unit efficiency? 60 %

-é Equipment heat load [W/m?] 5

2 | Lighting heat load [W/m?] 15

Building usage time in weekdays 7:00 - 20:00

& | Building usage time in Weekends 10:00 - 12:00

>

S | Building closed (for summer holidays) 9 weeks during July - August
<

& | Internal load annual hours 2967

AHU annual operational hours [h] ? 3501
Outputs (KPls)

Heating energy need [kWh/m?a] 165,5
Electrical energy need [kWh/m?a] 53,9
Primary energy need [kWh/m?a] 209
a) Supply air temperature efficiency in design conditions, when supply and exhaust air
flow rates are equal.
b) It is assumed that the AHUs are turned on one hour before the building opens and
is turned off one hour after the building has been closed.
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4.2.5 Feasibility check

The previous retrofit simulations and investment cost analysis (see Section 4.2.3.2) were
performed with less accurate input parameters, which might affect the simulation results
considerably. Now, a more accurate energy simulation model of the main building’s
current state has been created through data collection. Thus, the same retrofit simulations
and cost analysis should be performed again with this new model in order to ensure that
retrofitting the main building still seems economically feasible.

The same retrofit alternatives as before were simulated with the more detailed current
state energy model as the base case. Then, LCC analysis was done with Excel, while using
the same spreadsheet as a basis. Thus, performing this feasibility check did not take much
time. The five cases with the highest NPV of investment, are presented in Table 4.13. The
retrofit alternative with the highest NPV (highlighted in green) has now changed
compared to the previous simulations. In addition to adding insulation to the walls and
the roof, it now seems profitable to retrofit windows as well. However, the NPV of the
investment has decreased from 341 k€ to 289 k€. Even so, retrofitting the main building
still seems profitable, and it was decided to move forward to the advanced mode.
However, this demonstrated that the situation can easily change after defining the current
state of the building more accurately.

Table 4.13. Five retrofit alternatives with the highest NPV of investment in the feasibility check for
the main building.

U-values Consumptions Investment NPV of X
[W/(m?2:K)] [kWh/m?] costs investment '§ —_
2ol = |8l 2l |3 2
22 2|3 s | 258"
Case w v
1 1 0,14 | 0,14 92,2 53,9 | 157 | 42,3 | 292 | 37,5 | 260 9,23
2 1 0,14 | 0,12 91,4 53,9 | 156 | 43,2 | 299 | 37,5 | 260 9,31
3 33 /0,14 | 0,14 | 119,7 | 53,9 | 176 | 12,4 86 37,5 | 259 4,33
4 3,3 10,14 | 0,12 119 53,9 | 175 | 13,3 92 37,4 | 258 4,57
5 1 0,14 | 0,18 93,3 53,9 | 158 | 41,5 | 287 | 37,2 | 257 9,18
Base
case 3,3 0,81 | 0,38 | 165,50 | 53,9 | 208

Insulation thicknesses:

Wall U [W/(m?K)] Ins. thickness [mm] Roof U [W/(m?K)] Ins. thickness [mm]
0,81 0 0,38 0
0,39 50 0,18 100
0,25 100 0,14 150
0,18 150 0,12 200
0,14 200 0,07 400

4.3 Advanced mode

Previously in the basic mode, the energy performance of all four buildings in the
neighborhood was analyzed using simple BIM models and default values from
regulations and statistics. The main building was chosen as the most promising building
for retrofitting, and thus more information about it was collected. Next, the main building
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4.3.3.2 First retrofit simulation round

In this first simulation round, all the 375 retrofit design combinations specified in Table
4.18 were simulated. The purpose is to compare the energy performance, comfort index
and LCC of these different combinations, and ultimately to choose a smaller group of 5 -
10 promising retrofit design alternatives for the second retrofit simulation round.
Furthermore, sensitivity analysis will be used to analyze which separate retrofit measures
have the highest impact on the performance of the building.

The same investment cost data that was used in the basic mode is used here for the
envelope components, which can be found in Appendix 1. The investment costs of the
different ventilation systems were obtained from a dimensioning and LCC software
“Future ++. This software has been developed by an air handling unit manufacturer Koja
Ltd. It allows choosing a proper AHU from their selections, based on the needed air flows
and functionalities. In this work, AHUs with the lowest investment costs were chosen for
each system. More details about the chosen AHUs and their investment costs, as well as
the cooling system costs, can be found in Appendix 3. Again, it should be noted that the
investment cost data used in this work should not be heavily relied upon. These are just
approximate costs, mostly based on Granlund’s internal documents. The costs can vary a
great deal depending upon the project. In many cases, the only way to get accurate values
for investment costs is by invitation for bids, which was not yet possible during the
writing of this thesis. Similar to the basic mode, a time period of 25 years and interest rate
of 3 % was used in the LCC calculation. At this point, energy price escalations are
assumed to be 0 %.

4.3.3.2.1 Weighted sensitivity analysis

Here, the sensitivity of the most important KPIs will be briefly analyzed, and the weighed
sensitivity analysis will also be demonstrated. The effect of the ventilation system type is
problematic for the sensitivity analysis, because there is no clear characteristic value for
the types. Between the ventilation system types, the air flows, HRU efficiency and
cooling energy demand are different, and thus it is more difficult to determine this
characteristic value. This problem was solved by calculating for each ventilation type the
air flow that is not heated by the heat recovery unit, as presented in the following equation:

C = Qrk1* (1 = Nururk1) + Qrkza " (L — Nururkza) + Qrizz - (1 — Mururk22) (4.1)

where C is the characteristic value, Q is the supply air flow [m?/s] and nuzu is the heat
recovery temperature efficiency. Subscripts 7K1, TK2.1 and TK2.2 refer to the three
different air handling units in the building. However, this characteristic value does not
take cooling into account, and thus the actual effect of the ventilation type is probably a
bit higher than these results would indicate, especially regarding the comfort index.

First, the sensitivity of the three KPIs, for which requirements were set previously, were
analyzed separately. The sensitivity of primary energy need for the different retrofitting
alternatives is presented in Figure 4.26, which indicates that ventilation type is clearly the
parameter affecting the primary energy need the most. This is an expected result, since
the ventilation type includes both the air flows and the HRU efficiency, which both
usually have a high effect on the energy performance of buildings. Wall and window U-
values are the second and third most significant parameters, with almost equal SRCs.
Window g-value and roof U-value do not seem to have much effect. The low impact of
roof U-value can be explained by the fact that the roof is already insulated, thus making
the range of possible U-values quite narrow. Window g-value has mostly effect on the
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The annual weather in Finland can vary greatly in different years, which clearly has a
high impact on the heating energy need. Weather scenario 2 represents a colder year, for
which the Finnish standard weather file of weather zone III is used. The average
temperature in scenario 2 is 3,4°C, while in the base case scenario it is 5,6°C. Scenario 3
represents a warmer year, with average temperature of 6,8°C. Here, a predicted future
scenario for year 2030 was used for scenario 3. This weather file was developed in a study
by the Finnish Meteorological Institute, in which they predicted the impacts of climate
change [66].

Building usage schedules showed to have high impact on the building energy
performance in the first sensitivity analysis results of this thesis (see Section 4.2.4.2).
Previously, the AHU operational schedules and all internal load schedules were combined
into one parameter for the sensitivity analysis. Now, internal load schedules are
parametrized separately. However, there was a bug in the RIUSKA test version, which
caused incorrect results if lighting load schedules were parametrized. Thus, it was only
possible to parametrize people and equipment load schedules at the time this thesis was
being made. Nevertheless, occupancy schedule scenario 2 represents lower utilization,
for which the standard schedule from Finnish regulations part D3 [25] was used. Scenario
3 represents higher utilization, in which the base case schedule was modified by
increasing the utilization slightly.

Internal heat loads from people [W/m?] were also chosen for the uncertainty analysis,
because no reliable value could be obtained for this parameter during the data collection
process. Moreover, the number of people utilizing the building might change during the
years. Again, scenario 2 represents lower, and scenario 3 higher people load, with values
of 10W/m? and 18W/m?, respectively.

History has shown that energy prices can change suddenly and unexpectedly, because
they are affected by multiple factors. In addition to the balance between supply and
demand, also world politics (which can be very unpredictable) greatly affect energy
prices. Thus, predicting the future prices of energy is in practice impossible, which makes
energy price escalation one of the most significant uncertainty in LCC calculations of
building energy efficiency improving investments [67]. Escalation scenario 2, for both
district heating and electricity price, is based on calculated values from the Finnish
statistics of past three years, during which there has been an unexpected decrease in
electricity prices, resulting in negative escalation of -3,3 %. District heating price,
however, has still been on the rise during this time period, with escalation value of 1,7 %.
However, in RIUSKA the parametrization has to be with equal steps, which is why values
-3,0 % and 1,5% were used. Scenario 3 represent a situation in which both energy prices
are increasing with the same yearly rate of 3 %. This value is based on a scenario that was
used in a study made by Technical Research Centre of Finland [68]. Interest rate was also
varied slightly (from 3,0 % to 4,0 %) in order to see how large effect it has on the results.
Interest rate depends upon the return requirement of investment, which depends upon the
investor. In building energy efficiency investment calculations, the interest rate is usually
between 3% and 6% [67]. Here, a relatively low interest rates have been used, because it
was assumed that maximum profit is not the main agenda of this retrofit project, since the
building is owned by the city.



Table 4.22. Three scenarios for the seven uncertain parameters.
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temperature)

(Tave = 5,6°C)

(Tave = 3,4°C)

Uncertain Scenario 1 (base Scenario 2 Scenario 3
parameter case)
Weather (average Vantaa TRY 2012 Jyvaskyla TRY2012 Vantaa TRY2030

(Tave = 6,8°C)

Occupancy
schedules (peak
hours = hours -

Current state
schedule (1968h)

Low utilization,
standard schedule

High utilization
rate (2448h)

utilization rate)? (1252h)

People load [W/m?] 14 10 18
District heating

energy price 0,0% 1,5%" 3,0%¢
escalation

Electrlcllty price 0,0 % 3,0%" 309%¢
escalation

Interest rate 3,0% 3,5% 4,0%

a) Includes people and equipment schedules.

b) This escalation scenario is based on calculated escalations from past three years
(exceptional decrease in electricity price during 2013 - 2016).
¢) This scenario, in which both energy prices increase, is based on a scenario from [68].

These uncertainties for the chosen six retrofit alternatives resulted in a total of 13122
simulation cases. Nevertheless, only 486 of these cases require energy calculation,
because escalation and interest rate have effect only on the life cycle costs. Therefore, all
the 13122 cases were simulated. By simulating all the cases, it was made sure that all the
retrofit alternatives have the same uncertain scenarios. With a random sample, there might
be a problem that one retrofitting alternative seems better than the others, because the
sample did not include the worst case scenarios for that alternative.

4.3.3.3.2 Analyzing results and choosing the optimal alternative

The uncertainties of the three most important KPIs are presented in Figure 4.34 (primary
energy need), Figure 4.35 (comfort index), and Figure 4.36 (LCC). In these figures, the
range of the KPI values with varying uncertain parameter combinations are presented
with red dots. The minimum and maximum values are given in numbers, as well as the
average value. On the x-axis are the ID-numbers given for the retrofit alternatives in Table
4.20.

Regarding primary energy need, the average values are slightly higher than in the base
scenario (see Table 4.21). The range between minimum and maximum KPI values is the
highest for retrofitting alternatives 1 and 2, which both have original windows. Because
of original windows, fluctuations in weather have higher effect on the heating energy
need, which is the main explanation for their higher range of values. For the other four
alternatives, the ranges between minimum and maximum KPI values are slightly
narrower. Alternatives 3, 4 and 6 have primary energy need below 170 kWh/m? in all
scenarios, which was set as one of the requirements for the retrofit.
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Figure 4.34. Uncertainty visualization of primary energy need.

The uncertainty of comfort index is visualized in Figure 4.35. In this figure, it seems that
there are only a few cases for each alternative, even though there are actually 81 different
cases for each alternative. The visualization looks like this because RIUSKA rounds the
comfort index to the nearest full percentage, and thus there are multiple cases on top of
each other in this visualization. Either way, a clear difference can be seen between the
alternatives with cooling and the alternatives without cooling. Even though the
alternatives without cooling (1 - 4) have excellent comfort indexes in the base case
scenario, in many other scenarios they perform more poorly. Alternative 4 proves to be
the poorest, with minimum comfort index of 85%, in the scenario with the hottest weather,
the highest people load and the highest occupancy schedule. Alternatives 1 and 2, with
the original windows, seem to be a bit more stable in terms of comfort index. This is
because higher U-value is actually beneficial in the summer, when it is hotter indoors
than outdoors. The alternatives 5 and 6 are clearly the most stable, which was expected,
since they both have cooling. Even so, the comfort index varies, because the maximum
air flows were sized in RIUSKA using the base case scenario. Alternatives 1, 5 and 6
satisfy the requirement of minimum 90 % comfort index in all scenarios. However,
alternative 1 has high primary energy need values in too many scenarios. Thus, it can be
discarded, leaving alternatives 5 and 6 the most viable options so far.
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Figure 4.35 Uncertainty visualization of comfort index.

The uncertainty of the third important KPI, LCC, is presented in Figure 4.36. LCC has
the highest ranges between minimum and maximum values, which can be explained by
the fact that all the uncertain parameters have effect on the LCC. It is important to note
that the uncertain inputs are not varied during the 25-year calculation period. For example,
the cases with the coldest weather scenario is calculated with that weather file throughout
all the years, even though in reality it is unlikely that all years would be equally cold or
warm. This causes the uncertainty ranges to be even wider. In addition to weather, also
escalation of energy prices has high impact, as is shown later when the sensitivity analysis
results are presented. The widest range is for alternative 1, with minimum value of
1,449M€ and maximum value of 2,784ME. For this alternative, the maximum value is as
much as 48,6 % higher than in the base case scenario. For the most viable alternatives, 5
and 6, the corresponding percentages are 40,7% and 39,8%, respectively. The average
LCC values are very close to each other, as alternative 5 has only 2000 € lower value than
alternative 6. However, alternative 5 performs more poorly terms of primary energy need,
with maximum value above the required minimum (see Figure 4.34). Therefore,
alternative 6 was chosen as the most optimal choice of these six alternatives. The
official E-value of this alternative was checked with a standard conditions simulation,
which resulted in E-value of 158kWh/m?. Thus, this alternative satisfies the E-value
requirement of 173kWh/m? (0,8 times the original E-value) given in the Finnish
regulations.
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Figure 4.36. Uncertainty visualization of LCC.

To further investigate which parameters have the highest impacts on these uncertainties,
also sensitivity analysis results are presented here. These sensitivities are only for the
chosen alternative 6. The same simulation results were utilized in the sensitivity analysis.

The sensitivity of primary energy need for the uncertain parameters is presented in Figure
4.37. The corresponding sensitivity of comfort index is presented in Figure 4.38, and of
LCC in Figure 4.39. From these graphs can be seen that weather (average outdoor
temperature) has a very high impact on all of these KPIs. In addition to being the most
significant parameter regarding the sensitivity of primary energy need and comfort index,
it also has the third highest SRC value for LCC. Load schedules and people load have the
highest effect upon comfort index, and the least effect upon LCC. People load schedules
seem to be more influential than equipment load schedules. The economic parameters,
escalations and interest rate, naturally only have effect upon LCC. Electricity price
escalation is clearly the most significant parameter regarding LCC. Electricity price
escalation has higher effect than district heating escalation because of its wider range of
possible values, and also because of the higher price of electricity compared to district
heating. Weather has rather high impact upon LCC as well, because it greatly affects the
heating energy demand, and thus the costs of purchasing energy. Interest rate has a rather
low impact, because of the narrow range it was given.
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Figure 4.38. Chosen retrofitting alternative - Sensitivity of comfort index for the uncertain
parameters.
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Figure 4.39. Chosen retrofitting alternative - Sensitivity of LCC for the uncertain parameters.
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because the comfort indexes were almost as good for the alternatives without cooling as
they were for the alternatives with cooling. However, with the uncertainty analysis, it was
noted that for the cases without cooling, there are multiple possible scenarios in which
the comfort index requirement is not satisfied. Thus, a design alternative with cooling
was chosen.

A simple scatter plot showing the uncertainty range was chosen for the visualization of
uncertainty in this work, because of multiple reasons. It was simple to implement in the
KPA tool, easy to understand and it allows easy visualization and comparison of multiple
alternatives at the same time. However, it is possible that this visualization does not
provide enough information for the decision maker. In this work, the uncertainty ranges
were quite similar in each case regarding some KPIs, and thus it would have been
beneficial to have also more specific information about the dispersion of the cases. The
most information about the dispersion, and about the probability of a value in some certain
range, could be provided by implementing PDFs and ECDFs, which were described in
Section 2.3.5. The problem is, however, that for these visualizations it would be best to
have continuous probability distributions for the input parameters. Easiest way would be
to assume that each case has the same probability (as was done in this work), or that the
cases are normally distributed, but both options can lead to misleading results. Justifiably
determining the probability distributions can be very challenging. Another way to provide
information about the dispersion of the cases in this kind of analysis would be to include
histograms in the visualization, alongside with the scatter plots. They do not provide as
much information, but would still give some idea about the dispersion. For example,
histograms could be used to visualize how many of the cases are outside the required
boundaries. This can roughly be seen from the scatter plot as well, but it would be much
easier to see from histograms. The problem with histograms, however, is that it is harder
to visualize multiple design alternatives with it. Therefore, the box plot might be the best
choice for this kind of uncertainty analysis. The box plot allows easy comparison of
multiple retrofit alternatives simultaneously, while at the same time providing
information about the dispersion. Also, the “requirement setup” section in the KPA tool
should be utilized in the visualization of the uncertainties. The requirements set by the
user should be shown in the visualization, for easier interpretation of the results.

The biggest challenge of sensitivity and uncertainty analysis in building energy
simulations is defining the input parameter ranges correctly to correspond the real
situation. The wider the range is, the more sensitive will the model appear to be for that
parameter. This was very well perceived during the simulations of this work as well.
Therefore, it is very important to define the ranges carefully within realistic boundaries
and avoid defining the ranges too wide or too narrow. Utilizing normal distributions for
the input parameters might offer more reliable sensitivity and uncertainty analysis results,
but then the problem would be in defining the standard deviations and averages for these
distributions. Nevertheless, it might be worth it to investigate if normal distributions could
be used for some parameters in the parametrization feature of RIUSKA. This would
require creating a database for averages and standard deviations of different input
variables categorized by building type and age. Another issue (regarding especially
sensitivity analysis for data collection) that needs to be mentioned is, that not all the
needed information can be parametrized. For example, in the advanced mode simulations,
room specific information as well as the service areas of the AHUs are needed, which
cannot easily be parametrized. Therefore, the energy analyst should always consider
which parameters are important outside the sensitivity analysis as well.
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5.6 Key performance indicators and cost data

Primary energy need, comfort index and LCC were used as the primary KPIs in this work,
based on which the retrofit alternative was chosen. Thus, all three main aspects in building
design were taken into account: energy, comfort and costs. Primary energy need includes
the environmental aspect as well, because it multiplies the energy carriers with their
specified weighing factors. Also, the less energy is consumed, the less emissions are
generated. Therefore, it was not seen necessary to analyze CO; emissions separately.

Comfort related KPIs, such as temperature constancy and CO2 concentration, are very
important in building design, as the target is always to design buildings that offer a healthy
and comfortable environment for its inhabitants. In this work, because of RIUSKA’s
restrictions, only one temperature related KPI, comfort index, was able to be used.
However, this index does not take into account the quality of indoor air, as it is based only
on temperature constancy in the building. Because of this, the simulated difference in
comfort was not that big between the current ventilation system and the renewed systems.
The inclusion of some other KPI that would take into account the impurities in the indoor
air, would be a valuable addition to the process.

Life cycle costs (LCC) was seen as the most important cost related KPI in this work, since
it includes all the costs in the selected calculation time. However, projects always have
some budget for the investment, which cannot easily be exceeded. Thus, total investment
cost is an important KPI as well. With the KPA tool, it is easy to filter out the alternatives
that exceed the predetermined budget. The biggest challenge for the LCC calculation is
obtaining reliable cost data. The required cost data for LCC calculation include
investment, renewal, repair and energy costs.

Including cost analysis in this kind of process has basically three options. The first option,
that was used in this work, is to manually input cost data into the software for each
retrofitting alternative that is simulated. This kind of procedure, however, can be rather
time consuming if the number of design alternatives is high. Furthermore, even roughly
estimating the costs of different retrofitting alternatives can be challenging. The second
option would be to implement automatic cost functions that calculate the investment,
repair and renewal costs of each design solution based on some default cost data base.
For example, the investment costs of adding insulation to the wall would automatically
be calculated based on the type of the wall, type of the insulation material and thickness
of the insulation. Automating this task could save a significant amount of the user’s time.
However, the problem is that the investment costs (and other costs as well) can be very
different in each project. Thus, automatic cost data would include the risk of producing
inaccurate results, which could guide the design process in the wrong direction. The third
option would be to focus only in the energy efficiency related KPIs in the parametrized
simulations, and then perform cost analysis separately for some of the most promising
cases. This would allow more time and resources to be spent on determining the costs for
the selected smaller group of cases, which would produce more reliable results. On the
other hand, it is very problematic to compare design alternatives only based on energy
performance KPIs, because they are strongly dependent upon each other and the changes
caused to them by varying input parameters are mostly parallel. For example, when heat
energy consumption decreases, also primary energy need and emissions decrease. If costs
are not included in the process, then most likely the most expensive alternatives are
chosen, for example massive insulation, windows with the best U-value and roof full of
solar panels. This kind of alternatives, however, are not likely to be economically feasible,
and cost related KPIs are usually the most important for the client. In order for the large
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number of simulations and their visualization to have the most benefit, there should be
KPIs between which compromises have to be made. As a conclusion, the best way could
be to combine these three options. First, a rough, automated or user inputted cost data is
included in the large group of parametrized simulations. This could be automated for the
retrofitting alternatives that usually have approximately the same costs in different kinds
of projects. For example, the price of renewing or sealing windows is probably quite the
same (per window area) in all projects. Then, a smaller group of promising design
alternatives are chosen, and an LCC expert calculates more accurate cost estimation for
these alternatives.

5.7 Further development needs

The work that was carried out in this thesis is not yet finished. The topic proved to be
wide, and thus some shortcuts had to be made. Some of the further improvement needs
were covered in the previous sections of this chapter. They are summarized in this section,
and a few more suggestions are added.

First of all, the process should go through further testing and fine tuning in multiple test
projects, while comparing it to the traditional way of doing energy analysis. The benefits
and disadvantages of each part of the process could then be better evaluated, and some
parts might be modified or left out.

In order to make the process more efficient, a few databases would be useful. The most
useful database would include typical input parameter ranges for buildings of different
types and construction years. This database should be based on national statistics. It
should include typical values for the envelope components (typical construction types, U-
values, infiltration rates etc.) and HVAC systems (typical system types, HRU efficiencies,
SFP values etc.). It could also be investigated if normal distributions could be determined
for some input parameters. Internal loads and schedules could be left out, since standard
values can easily be found from the regulations and it would be impossible to create
schedules that apply to all buildings. If possible, this database could be integrated into
RIUSKA, so that by choosing the building type and construction year, the software would
automatically suggest ranges for the input parameters. These ranges could then be used
for the sensitivity analysis simulations, which would save considerable amount of time.
Another database could be created for the typical uncertainty scenarios that are mostly
the same in all projects, such as escalation rates and weather. If the same scenarios for
these parameters would be used in all projects, the results would also be better comparable
across varying projects. A third useful database would be for cost data, that would include
typical investment, repair and renewal costs for different retrofitting alternatives.

A more informative uncertainty analysis visualization would also be a beneficial addition
to the process. Currently, the KPA tool shows only the average, as well as the minimum
and maximum value between which the values are located. It would be beneficial to have
better knowledge about the dispersion of the cases as well, which could be done by
implementing box plots or histograms in the visualization.

Some improvements can be suggested for the RIUSKA software as well, based on the
experience gained from this work. One important improvement would be the
implementation of renewable energy generation, such as solar panels, wind turbines and
heat pumps. Additionally, more HVAC related parameters could be added for the
parametrization feature of RIUSKA, such as average air flow, domestic hot water usage
and the efficiency of the heat distribution system. Another good feature would be to be
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able to bind a certain infiltration rate to a certain window type, because the tightness of
windows usually has a high impact upon the infiltration rate of the building. Currently, it
is only possible to parametrize these two separately. Additionally, integrated solutions for
neighborhoods could not be analyzed in this thesis, because in RIUSKA it is only possible
to work with one building at a time. Ifit would be possible to simulate multiple buildings
simultaneously, the energy performance of a neighborhood could be better evaluated as
a whole. For example, it would allow to evaluate whether it would be better to fully
retrofit one building or make smaller changes to all buildings. In addition, the synergies
of shared energy systems could be better evaluated, and the shading caused by the other
buildings could be taken into account in the simulations. Also, implementation of a KPI
that would take the impurities of indoor air (especially CO) into account would be
beneficial. However, implementation of such a KPI would probably require a high
amount of work.

Regarding the utilization of BIM, further investigations are needed about how could the
energy simulation BIM models be further utilized in the other parts of the design.
Additionally, a natural continuation for this work would be to develop a process for the
post-construction phases of buildings, which would utilize the premium operational
mode.



108

6 Summary and conclusions

The objective of this thesis was to extend and improve a process for energy analysis in
neighborhood-scale retrofit projects. Because the process will be used to support multi-
criteria decision-making in retrofit projects, it should take into account various factors,
such as energy efficiency, comfort, as well as economic and environmental aspects.
However, these factors can conflict with each other, making this an optimization task.
This new process utilizes several advanced methods, namely BIM, dynamic energy
simulations, as well as sensitivity and uncertainty analyses. In addition to these methods,
the process has two other important features. These are the division of the process into
two operational modes, the basic and advanced mode, as well as the large number of
parametrized simulations performed in both modes. The process was tested in a real pilot
neighborhood, which will in reality be retrofitted in the coming years. Based on the
piloting, the thesis evaluated the benefits and drawbacks of the different elements and
methods used in the process.

The modes of operation are used as phases in the process. They differ from each other in
their requirements for information reliability and in the level of geometrical detail
required from the BIM models. The basic mode utilizes simple BIM models without
interior features, which makes the creation of the models faster. In addition, since the
basic mode uses default values from regulations and building statistics, it is possible to
perform energy simulations already in the initial phases of the project. These preliminary
energy simulations, based on roughly estimated input values, can be used to quickly
estimate and compare the energy-saving potential of multiple buildings in a
neighborhood. Another important benefit of the basic mode is its ability to utilize
sensitivity analysis for supporting the challenging data collection task needed in retrofit
projects. The main drawback of the basic mode is the inaccuracy of the results, which is
caused by the assumptions in the input parameters. If the simulation results in the basic
mode appear promising, the process moves forward to the advanced mode. If retrofitting
the building does not seem feasible, or for some other reason it is decided that further
simulations are not needed, the time required for creating the more detailed advanced
mode BIM model can be saved.

The goal of the advanced mode is to discover the best possible retrofit design solution.
The advanced mode requires that the BIM model is complemented with individual rooms
and windows in their precise locations. With this more detailed BIM model and the
collected information concerning the building, a more reliable current state energy model
can be created for the building, which is then used as a base case for comparing the various
retrofit design solutions. If needed, the retrofit simulations can be made in multiple
iteration rounds, while utilizing sensitivity analysis results in choosing the alternatives
for each round. The weighted sensitivity analysis visualization method can be used to
make the interpretation of the results easier while taking the preferences of the decision
maker into account. In order to make more justified decisions, an uncertainty analysis is
also included in the final phase of the advanced mode as an important part of the process.
The most important benefits of the advanced mode are the more accurate energy
simulations as well as the additional support gained from the sensitivity and uncertainty
analyses. However, compared to the basic mode, the advanced mode requires much more
efforts and time.

Utilizing BIM makes it is easier to store and retrieve information during the project, as
well as after completing the retrofitting project. Another clear benefit of utilizing BIM is
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the more accurate simulation results, since all the rooms and envelope elements can be
modeled in their precise locations. In this work, the only disadvantage of utilizing BIM
was the time required for creating the BIM models. Nevertheless, this was not seen as a
problem in this work, since the availability of architectural drawings allowed the BIM
models to be rapidly created. The software used in this work showed no interoperability
problems with BIM, even though it has been reported as an issue in the literature.

The sensitivity and uncertainty analyses require a large number of simulations to ensure
that the results are reliable, which was the main reason for including such high number
of parametrized simulations in the process. In addition, the large number of simulation
cases benefit not only the creation of the current state energy model, but also the
comparison of different retrofitting alternatives. However, one disadvantage is that a
higher number of simulations leads to a higher demand for calculation power and time.
Nevertheless, this did not prove to be problematic in this work, since the calculation times
remained reasonable.

The sensitivity analysis proved to be a versatile tool in the energy analysis process, as it
is used for three different purposes: (1) to guide the data collection task, (2) to determine
which individual retrofitting measures would have the highest impact on the building
energy performance and (3) to support the uncertainty analysis by identifying the
parameters that are the most responsible for any uncertainties. Thus, the sensitivity
analysis can be used to guide the design process and decision making at various stages in
the design process. In the piloting of the process, using the sensitivity analysis to guide
the data collection proved to be the most useful of these three purposes. However, the
situation might differ in other projects.

The uncertainty analysis is only used in the final stage of the process in order to make a
well justified decision between the most promising retrofitting alternatives. The
uncertainty analysis proved to be useful in the piloting, since it made it easier to make the
final decision between the most promising retrofit design alternatives. It would be
important to include uncertainty analysis in the design of buildings, since the uncertain
scenario parameters, such as weather and escalations rates, can have significant effects
on the energy performance and life cycle costs of buildings. However, deficiencies were
detected in the visualization method used for the uncertainty analysis. The current
visualization used in the KPA tool does not necessarily provide enough information about
the dispersion of the results. Thus, it should be considered whether more advanced
visualization methods, such as histograms or box plots could be implemented in the
visualization tool.

The greatest challenge in using sensitivity and uncertainty analyses is to correctly define
the input parameter ranges in order to correspond to the real situation. The wider the range
is, the more sensitive the model will appear to be for that parameter, thus making the
defining of the ranges the most critical part in performing both analyses. Therefore, it is
very important to define the ranges with care and to avoid defining the ranges too wide
or narrow. In this work, discrete values with equal probability were used for the
parametrization. However, some sources claim that it would be best to use normal
probability distributions for the input parameters [47]. This might offer more reliable
results, but then the problem would be in defining the standard deviations and averages
for these distributions.
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In order to make the process more easily adaptable and effective, some future
development is required. Firstly, the process should go through further testing and
evaluation in other projects. In addition, creation of more databases would be very useful
in order to make the process easier and faster to use. One of these databases would contain
typical values for the building envelope components and HVAC systems, categorized by
building type and construction year, which could be used in determining the input
parameter ranges for the sensitivity analysis. Another database could be created for
typical scenarios involving uncertain parameters, such as escalation rates and weather. A
third useful database would include typical cost data for different retrofit solutions, which
could be used for roughly estimating costs in all the projects. Having these databases
integrated into the simulation software would make it much easier and faster to go through
the process. Additionally, a natural continuation for this work would be to develop a
process for the post-construction phases of buildings, which would utilize the premium
operational mode. It would also be important to investigate how the BIM models created
in this process could be further utilized in the other disciplines of design.

As a general conclusion, the process proposed in this thesis shows promise, though it still
requires further testing, fine-tuning and improvements. The implementation of such an
energy analysis process into the design of building retrofits could provide a step towards
a more efficient way of utilizing energy simulations. With the proposed process, energy
simulations could be used to guide the design process even at the initial phases of the
project in order to effectively support decision making throughout the project.
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Appendix 3. Air flows, HRU efficiencies and investment
costs of the retrofitted ventilation system types

Table 1. Air flows and HRU efficiencies of the retrofitted ventilation system types.

Maximum air flows [m3/s] ¥ HRU efficiency ?
Type Description TK/PK1 | TK/PK2.1 | TK/PK2.2 | TK/PK1 | TK/PK2.1 | TK/PK2.2
1 CAV system 7,79 9,04 3,07
CAV system with
cooling of
supply air 7,79 9,04 3,07 79.9% 77 % 62 %
DCV system 7,79 9,04 3,07
DCV system
with cooling of
4 supply air 8,17 9,10 3,07
Sources:
1) Air flow rates for cases 1 - 3 were determined to satisfy the Finnish building regulations
part D3. Air flow rates for case 4 were sized with RIUSKA, so that the temperature in DCV
rooms do not exceed 25 °C in design day conditions.
2) The AHU models were chosen with the dimensioning and LCC software "Future++" from
Koja, from which also the HRU efficiencies were obtained.

Table 2. Investment costs of the retrofitted ventilation system types.

Cooling
L TK/PK1 | TK/PK2.1 | TK/PK2.2 Occupancy
T D t 150kw Total
ype | Description 1) 1) 1) ( ! ) sensors Y ota
1 CAV system | 52000€ | 53000 € 27 000 € 0€ 0€ 132 000 €
CAV system
with cooling
2 of supply air | 60000€ | 61000 € 31000€ | 47000¢€ 0€ 199 000 €
3 DCV system | 52000€ | 53000 € 27 000 € 0€ 200000€ | 332000¢€
DCV system
with cooling
4 of supply air | 61 000€ | 62000 € 31000€ | 47000€ | 200000€ | 401000 €

Sources:

1) Investment costs of AHUs were obtained from the dimensioning and LCC software "Future++"
from Koja (http://www.koja.fi/fi/rakennukset/ratkaisut/future-mitoitusohjelma).

2) The maximum cooling demand of the building (150kW) was sized with RIUSKA, and the
investment cost of the cooling system was estimated based on a catalog of Onninen
(http://www.onninen.com/finland/Palvelut/Hinnastot/Pages/Kylmatuotteet.aspx).

3) The investment costs of the occupancy sensors required by the DCV system were estimated
based on Granlund's internal documents. The average investment cost per treated floor area
was calculated from the cost estimates of precious projects, which was then used to roughly
estimate the investment costs for this building.




