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Abstract
This thesis investigated application of the heat recovery ventilation using an exhaust air
heat pump and a roof top photovoltaic (PV) system for a group of three multi-family houses
located in Ludvika, Sunnansjö. The buildings in the existing condition have mechanical
ventilation and a centralized heating system consists of a pellet boiler as the main source and
an oil boiler as back up.
Exhaust air heat pump (EAHP) has been known by the previous relevant researches as
an effective solution to promote the energy efficiency in the buildings. Furthermore,
reduction in PV cost has made the PV as a financially viable option to be contributed in
supplying electricity demand.
In this respect, this thesis aimed to calculate the potential of energy saving in the case
study using the combination of EAHP and PV. For this purpose, the buildings and the
proposed energy system were simulated to enable the comparison of energy demand before
and after the renovation. The simulation was gradually progressed through several phases
and each stage created the prerequisites of the next.
Since the buildings were relatively similar in terms of boundary conditions, one of the
buildings were initially modeled and the concluded space heating (SH) demand was
extrapolated to the three buildings scope. The simulation of the building was done using
3dimensional thermal model offered by Trnsys3d. The primary results were also calibrated
against the available annual fuel consumption data. In the second phase, a pre-developed
TRNSYS model of the energy system was completed using the result of previous step as the
total SH demand as well as the estimated domestic hot water (DHW) consumption from a
stochastic model. This simulation produced the electricity demand profile of the heat pump
when the heat pump provided the total heat demand. Subsequently, the electricity
consumption of the flats and operational equipment were estimated using stochastic model
and available monthly measurement, respectively.
Since the feasibility and optimal placement of 74 𝑘𝑊 PV modules offered for these
buildings had been already examined by the author in another study, the final simulation
were performed in an hourly basis considering PV production and total electricity demand;
i.e. EAHP, flats consumption and operational equipment.
The results of the simulation showed that 21 % of total electricity demand during a year
could be supplied by the proposed PV system even without any electrical storage, whereas
74 % of total yearly PV production is consumed by the local loads. The results also proved
that removing old inefficient oil boiler and supplementing the pellet boiler with the
combination of EAHP and PV could mitigate the annual purchased energy (including
electricity and pellet) by approximately 40 % compared to the current condition.
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1 Introduction
To comply with the new climate and energy horizon, prompt action in greenhouse gas
emission reduction and energy efficiency improvement needs to be taken. [1] As buildings
are responsible for approximately 40 percent of energy consumption and 36 percent of
carbon emission, a special attention has been payed to establish a new building concept
known as “Nearly Zero Energy Buildings” (NZEBs). [2] Whether focused on new or
existing, residential or commercial, the NZEB is a building with highly reduced energy
demand through the efficiency gains i.e. optimized passive building designs and upgraded
energy systems; and with on-site renewable energy generation. [3], [4]
Concluded from the NZEB definition, the updated energy policies not only apply for
construction of new buildings, but also for refurbishment of the old inefficient stocks. The
statistics declare that 35 % of European buildings are over 50 years old and about 75 % of
the existing buildings are energy inefficient and require some level of renovation. [2], [5]
However, to cope with challenges associated with NZEB renovations, it is required to
conduct researches, demonstrate innovative solutions and facilitate their introduction to
mass market. [6]
Targeting these challenges, the EU Energy Matching project (EM) introduces a new and
updated approach to buildings and their provision in EU energy network. The overall
objective of the project is to develop active envelope solutions for harvesting renewable
energy in the build environment which lead in optimization of buildings and district load.
The energy matching solutions are examined in three demonstration buildings including the
varieties of boundary conditions in EU, such as climate or building physics. [7]
Due to the general tendency toward low-carbon energy sources and energy improvement
on the one hand and the great number of buildings known as “million program” with
necessity of renovation and energy system revision on the other hand, [8] Sweden seems an
appropriate candidate for demonstrating the Energy Matching approach. Therefore, a
multifamily dwelling consist of three buildings built in 70s, located in Sweden (Sunnansjö,
Ludvika) was considered as one of the demonstration cases of the Energy Matching Project.
[7]
Dalarna University as one of the project partners has been making a comprehensive study
to explore the new methods of harvesting on-site renewable energy sources and minimizing
the consumed primary energy in the Energy Matching demonstration case (EMDC).
Thus, this thesis is affiliated with the overall study of the demonstration building and may
develop a criterion for designing an appropriate heating system combined with renewable
energy sources.

Objectives
To demonstrate the effectiveness of the novel approach in energy system, the existing
heating and ventilation system in the case study is going to be upgraded to low-temperature
heating system using exhaust air source heat pump (EAHP). In addition, the buildings are
going to be equipped with photovoltaic (PV) modules and contribute in energy generation
as a decentralized renewable source of energy.
Thus, this thesis aims to calculate the potential of energy saving in the case study when
the proposed renovation package is implemented. The secondary objective of this thesis is
to create a simulation model for the buildings and calculate the energy balance of the
1

buildings; including the electricity import/export from/to grid and PV self-consumption
after the planned renovation.

Method
The result presented in this thesis has been gradually progressed through simulations,
using three software mainly as it is described in section 1.2.1. The process encompasses four
main phases involving the complementary stages, which are briefly explained in section 1.2.2.
Within the study, some limitations affect the simulation procedure which are summarized as
well in section 1.2.3.

1.2.1. Software
I.

SketchUp

SketchUp, formerly Google SketchUp, is a 3D modelling computer software owned by
Trimble Inc, a mapping, surveying and navigation equipment company. SketchUp, first
released in 2000, is mostly used in architectural drawing and interior design. Now the
software has the capability of import in and export to different format and in this respect, a
wide range of plugins have been developed for it. These plugins enable the users to profit
from 3D model created by SketchUp in various applications such as energy analysis by
Trnsys3d or Energy Plus, shading analysis in PVSyst, etc. [9]
II.

TRNSYS

TRNSYS is an energy simulation software package developed at the University of
Wisconsin (USA) that mainly is used to simulate the behavior of transient system. TRNSYS
flexible graphical environment allows the users to simulate the desired system model with a
broad range of pre-designed components available in the library. Moreover, it is possible to
modify and add new component thanks to the open source code capability. [10]
Building model in TRNSYS is done by an interface component known as TRNBuild.
TRNBuild make the user able to define all non-geometry information including wall and
layer material properties, creating ventilation and infiltration profile, adding gains, defining
radiant ceilings and floors, and positioning occupants for comfort calculations.[10]
III.

MATLAB

MATLAB is a generic programming platform for engineering and scientific applications.
A stochastic MATLAB model developed by Widén et al. [11] is used in this work to generate
domestic hot water (DHW) consumption, electricity use and occupant activities.

1.2.2. Procedure phases
I.

Building model

The aim of this phase is to calculate the space heating (SH) demand of the buildings. This
phase includes the following sub-sections:
a. Data collection
Various source of information is applied to obtain the information need to build a model.
2

b. Constructing the model
 Defining building geometry and thermal zones
The geometrical information of the building and the thermal zones need to be defined in
the first step. To facilitate the process and instead of putting all the geometry information
manually in TRNBuild, Trnsys3d, a plugin in SketchUp, allow the user to draw multizone
buildings and import the geometry including shading, radiation exchange, etc. directly in 3D
model.
 Defining non-geometry information
Determining all the non-geometric information and boundary condition is the next step.
As it is described in software introduction, this part is done in TRNSYS and TRNBuild.
c. Simulation
Optimization of the model accuracy versus simulation runtime is performed in this
section.
d. Calibration
Last but not least, is the calibration of the model against the measured data. This
adjustment helps to correct the error to an acceptable level and increase the accuracy of the
model. The outcome of this comparison can result in no significant error is noted in data
analysis stage.
II.

Heating system with EAHP

In this section, the concluded SH demand from building model (phase one) is imported
into the designed heating model to assess the electricity consumption and investigate the
feasibility of the system when it supplies the total heating demand of the case study.
III.

PV system

This section provides the generated electricity profile of the PV and gives a brief
description of the designed PV system for the case study.
IV.

Final Energy system with combination of PV and EAHP

The outcomes of three steps before are integrated into a unique model representing the
proposed energy system, which determines the energy status in the case study after the
renovation plan.
Figure 1 depicts the explained procedure and tools utilized for evaluation of the energy
system in the case study.
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Figure 1. Overview of the methodology and tools applied in this thesis

1.2.3. Limitations
I.

Insufficient information regarding;

 Building geometry, material and their thermal specification
Finding the geometric information and the specification of the used materials required
for phase 1 through the hand-drawn and old architectural plans is one of the initial challenges
in this work.
 Existing ventilation system and its performance, air leakage rate through the gaps
The air change rate is a crucial parameter between non-geometric information required
for simulation of the system and determining the SH demand.
 Existing heating system and its technical specification
There is not sufficient information particularly about the efficiency of the system during
the year needed for the calibration process.
 Occupants’ information
Occupants’ behavior, age, gender and their daily life style has significant effects on DHW
consumption, electricity load profile and the air change rate through manipulating air
registers or opening the windows.
 The specification of suggested products for EMDC
Most of the products offered for the project are undergoing the experimental phases and
therefore finding their technical specifications required for the phases 2, 3 and 4 is barely
possible.
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II.

Lack of metering system and recorded data

Having the precise measured information could make the calibration process more
accurate and minimize the uncertainties.
III.


Limitation of simulation
Lack of high resolution weather data for the location of EMDC

1.2.4. Groundwork
As regards the relevant researches, the proposed renovation package is recommended in
this case study because of the following reasons;[12], [13]






Air heat recovery has considerable effects on the energy use of buildings particularly
in cold climate in which the ventilation heat loss is significant.
Air heat recovery via EAHP is relatively more cost effective than mechanical
ventilation heat recovery, as EAHP can make the most use of extracted energy for
covering year-round DHW demand rather than only providing SH in cold season.
Low temperature heating system improves the performance factor of EAHP,
particularly when the SH demand is relatively much more than DHW demand.
Solar energy can reduce the life-cycle cost of multi-family house even in Northern
European climate.
The combination of PV and EAHP can increase the self-consumption of the system.

However, the question is that to what extent such a renovation can influence the bought
energy in the case study of this thesis. Thus, this thesis tries to make a logical relation
between the case study and the profitability of using low temperature heating system via
EAHP and PV in Northern European climate.
In addition, considering the limitations stated in section 1.2.3 and due to the complexity
of building energy behavior, simulation seems an appropriate method to approximate the
energy performance of the buildings before and after renovation. However, the underlying
assumption of a simulation model is identifying the source of information required for input
parameters. As the model and the associated results are influenced by many factors, such as
weather data, buildings’ structure and characteristic, and more importantly the parameters
that are inherently stochastic; e.g. occupants’ activity, electricity consumption of the flats,
PV production, etc., it makes very difficult to accurately predict buildings energy
consumption.

Structure


Chapter 2: Thesis context and background

This chapter presents general information about energy status of buildings, reviews the
latest literature about building energy renovation approach and modelling. Moreover, it
describes the current and planned energy system in the case study.
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Chapter 3: Process explanation

This chapter presents the simulation procedure in detail as it was mentioned in method
section 1.2.


Chapter 4: Results

This chapter presents the results from simulation and compares the heating demand and
purchased energy between the current buildings and the renovated one.


Chapter 5: Discussion

This chapter pays a meticulous attention to the limitations of the work and the
assumptions that might be influential in final results.


Chapter 6: Conclusions

This chapter restates the thesis and summarize the main points of this report. Moreover, it
addresses the future work associated with the Energy Matching project.
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2 Thesis context and background
This chapter provides a general description about building energy consumption status
and the directive plans to achieve energy efficient buildings. Subsequently, the potential of
energy saving through passive and active renovation, building energy modelling approach
and related previous works are considered. Furthermore, a general description of the current
energy system and the planned renovation is provided in this chapter.

Theoretical background
2.1.1. Buildings’ status in global energy
An analysis of final energy consumption in EU reveals that, buildings are the number one
energy user before industries and transportation. According to Eurostat statistic
information, in general building sector consumes 25.4 % of the total generated energy in
household and 13.6 % of that in service section including schools, hospital, office, shop,
etc.[14] Therefore, improving building energy performance is of paramount importance in
EU energy policies.
After the Second World War and due to the severe housing shortage in Europe, a
booming in building construction occurred. At that time, energy efficiency was not a priority,
however years later, first and second energy crisis, and then followed by environmental
issues raised an awareness among the policy makers and buildings’ practitioners. As a result
and due to the huge potential of energy saving in building stock, European commission
targets a comprehensive plan to renovate the existing inefficient building. This plan known
as “Energy Performance of Building Directive” (EPBD) not only leads to a significant reduction in
EU’s total energy consumption and lowering CO 2 emission, but also can stimulate the
economy through the investment in energy efficiency and also overcome the energy poverty.
[2]
Sweden as one of the EU’s member state was not exempted from this corporate planning
and finally a recast version of EU’s EPBD entered into force in spring 2010. Subsequently,
the government proposed the implementation of the new building energy performance
approaches in relation to energy certification, although some terms such as NZEBs were
not defined clearly yet. Therefore, a series of analysis has been performed through circulating
memorandum between different Swedish members and organization and it came to the
conclusion that:

“A Swedish application of the term nearly-zero energy building should include stricter
requirements for energy economy in comparison with the requirements applying under current
building regulation- in any case and for most categories of the buildings and climatic zones”
This meant that for example the appropriate requirements for a non-electrically heated
residence located in zone III must be tightened up from the permissible energy use level of
110 𝑘𝑊ℎ ⁄(𝑚2 ∙ 𝑦𝑒𝑎𝑟) to 90 𝑘𝑊ℎ ⁄(𝑚2 ∙ 𝑦𝑒𝑎𝑟). [15]
Cutting the energy demand in buildings can be achieved through enhancing the use of
advanced construction and design techniques and high-performance insulation materials
when renovating buildings. Upgrading the heating and cooling system, taking the advantage
of on-site renewable energy sources and making the renovated building smart, are the
solutions to comply with the new legislated regulation by European commission.
7

2.1.2. Energy consumption in buildings
Energy demand in buildings are mainly categorized based on the type of application and
provided service. In general, heating, cooling and ventilation, domestic hot water, lighting
and household functions determine the amount of final energy used.
Figure 2 summarizes share of final energy in EU by sector as well as the residential energy
consumers. [2]

Figure 2. The main Energy consumers in EU [2]
According to European commission, 79 % of the final energy use in households is
dedicated to heating and hot water production whereas 84 % of the equivalent primary
energy use is supplied by the fossil fuel. Therefore, using on-site renewable energy sources
and reclaim the energy used for supplying DHW and SH demand, can be an effective
solution to reduce the reliance on fossil fuel and fulfill the European energy horizon. [16]
In order to minimize energy leakage from building, maximize the efficiency and enhance
the share of renewable energy supplying heating demand, the following steps are identified;
[17]


Making the renovation process easier by creating a systemic renovation package that
can be applied to residential building compatible with various climatic zone and the
standard level of comfort



Reuse of energy waste through applying different approach



Increasing the share of renewable energy by replacing the old inefficient boilers with
new generation of heat pumps coupled with the various type of renewable energy
sources (RES)



Getting buildings’ owner and end-users involved in the process
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These all four steps are part of a comprehensive mentioned project known EU Energy
Matching (EM) as well. The aim of the EM project is briefly described as; [7]

“Developing new concept and technologies to optimize the interaction between buildings and
energy system to maximize the RES harvesting in the built environment”
2.1.3. Passive and active renovation, definition and concept
To follow the process and accomplish the aim, which is moving toward low-energy
house, the renovation phase in a general point of view needs to be clarified.
Basically, the energy renovation is classified as passive and active. In the passive stage,
the amount of energy demand is considered as the point of interest; i.e. the renovation
targets reducing the energy demand by improving the passive building facilities such as
insulation of the building envelope, replacing the doors and windows with the energy
efficient one, applying the heat recovery and managing solar gain. This level of renovation
can be achieved through the first and second steps as explained above.
However, the active renovation is mainly meant to make the energy supply to the building
more efficient as it is considered in third step of the above mentioned process. [12]
I.

Passive renovation

To understand the maximum practical level of passive renovation, it is beneficial to
compare the required heating demand of the house with a passive house. Passive building
principles offer the best path to NZEBs by minimizing the load that renewable are required
to provide. [18]
The first idea of the passive house was developed by Dr. Bo Adamson, a Swedish
scientist, and Dr. Wolfgang Feist, a German physicist in 1988. [19] The first studies shown
that the money saved due to removing the heating system can be invested for improving the
building envelop by additional insulation, high performance windows and better air
tightness. [20]
The first passive house was built in Darmstadt Kranichstein, Germany and, as it was
expected, not only it fulfilled the aims in terms of energy efficiency, but also it provided a
good level of thermal comfort (ISO 7730) and satisfaction for the tenants. Ten years after
the completion of the first passive house in Germany, the Swedish version of passive house
were built in Lindås outside Gothenburg in 2001. Table 1 summarizes the design
specification of the German and Swedish passive houses. [21]
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Table 1 Specification of first demonstration passive house in Germany and Sweden [19], [21]
Location

Unit

Darmstadt/Germany

Lindås/Sweden

-

1991

2001

[𝑚2 ]

4 unit/each 156 𝑚2

20 unit/each 120 𝑚2

-

air-to-air heat exchanger

counterflow air-to-air
heat exchanger

[%]

Over 80 %

Over 80 %

[𝑚3 /𝑢𝑛𝑖𝑡]

100 -180

≈ 130

[𝑎𝑐ℎ]

0.22

0.43

[𝑚2 /𝑢𝑛𝑖𝑡]

5.3

5

Ground
floor

[𝑊/(𝑚2 ∙ 𝐾)]

0.13

0.11

Ex. Wall

[𝑊/(𝑚2 ∙ 𝐾)]

0.14

0.1

Roof

[𝑊/(𝑚2 ∙ 𝐾)]

0.1

0.08

Windows

[𝑊/(𝑚2 ∙ 𝐾)]

0.7

0.85

Door

[𝑊/(𝑚2 ∙ 𝐾)]

-

0.8

Construction year
Total area
Type of ventilation
Efficiency of heat
recovery system
Ventilation
Air tightness at 50 Pa
DHW

U-Value

Although according to the design engineers of the German passive house, they did not
dare to omit secondary heating system for the demonstration passive building in Darmstadt,
the findings later on proved that the maximum heating demand occurring in this passive
house during the winter time does not exceed of 10 𝑊/𝑚2 of floor area and these amount
of heating demand could be easily supplied via supply air system. [19] Therefore, a criterion
of a passive house is the possibility of heating the house by air and by using the normal
ventilation rate.
As Janson et al. stated, the maximum power (Q) that can be supplied by ventilation air
heating system in Swedish passive house is calculated from the following equations; [21]
𝑇𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 = 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 𝑑𝑖𝑚 + ŋ ∙ ( 𝑇𝑖𝑛𝑑𝑜𝑜𝑟 − 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 𝑑𝑖𝑚 )

Equation 1

𝑄 = 𝑉 ∙ 𝜌 ∙ 𝐶𝑝 ∙ (𝑇𝑣𝑒𝑛𝑡 𝑎𝑖𝑟 𝑚𝑎𝑥 − 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 )

Equation 2

Where,
𝑇𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 = temperature of the supply air after the heat exchanger (°𝐶)
𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 𝑑𝑖𝑚 = the coldest outdoor temperature at the speciﬁc location (°𝐶)
𝑇𝑖𝑛𝑑𝑜𝑜𝑟 = the indoor temperature (°𝐶)
η = efﬁciency of the heat exchanger (%)
Q = Peak load for space heating (𝑊 )
V = Ventilation air rate (𝑙/(𝑠 ∙ 𝑚2 ))
ρ = Density of air (𝑘𝑔/𝑚3 )
𝐶𝑝 = Heat capacity of air (𝐽/(𝑘𝑔 ∙ °𝐾))
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This maximum power is limited to 16.4 𝑊/𝑚2 regarding the fact that 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑖𝑟 cannot
be more than 52°C to avoid pyrolysis and assuming;
𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 𝑑𝑖𝑚 = −16 °𝐶
𝑇𝑖𝑛𝑑𝑜𝑜𝑟 = 20 °𝐶
ŋ = 80 %
𝑉 = 0.35 𝑙/(𝑠 ∙ 𝑚2 ) (Minimum ventilation rate according to Swedish building regulations;
BBR 2006)
Therefore, if the construction of the building ensure that the maximum heating demand
in Swedish passive house is less than 16 𝑊/𝑚2 during the cold season, then the ventilation
system can also be used for space heating.
II.

Active renovation

Apart from the improvement of building envelope in terms of insulation and taking the
full advantage of heat recovery system, having an efficient heating system can tremendously
decrease the total energy demand.
Replacing the old inefficient boilers with heat pump has been considering as a viable
approach to fulfill NZEBs.
A domestic heat pump draws heat from sources such as ambient air, ventilation air, rock,
ground or lake water and can efficiently convert a small electricity input to the higher heat
output. According to Swedish energy agency, an optimized heat pump system can meet 8095 percent of both heat and hot water needs of dwelling, while this value could differ with
respect to the boundary conditions. [22]
There are different type of the heat pump available on the market today and the
appropriate heat pump for a dwelling is chosen based on the available source and overall
heating system design.
The heating and cooling efficiency of the heat pump is indicated by heating season
performance factor (SPF) and seasonal energy efficiency ratio (SEER) respectively, which is
total heat demand or removed during the winter/summer time divided by total electrical
energy consumed during the same season. [23] In the following, various type of the heat
pumps and their functionality are briefly explained;
a. Air source heat pump
Air source heat pumps use the heat from ambient air or exhaust air for heating, cooling or
preparation of hot water. A heat pump’s refrigerant system consist of a compressor and two
coils, made of copper tubing. In heating mode, liquid refrigerant in outside coil extract the
heat from ambient (exhaust) air and evaporate into a gas. Compressor increase the pressure
and temperature of the refrigerant and conducts it to the second coil. The indoor coil release
heat from refrigerant when it condenses back into liquid. The provided heat is distributed
inside the building by hydronic distribution system or by air through fan coil/ventilation. A
reversing valve, near the compressor, can change the direction of the refrigerant flow for
cooling as well as for defrosting the outdoor coils in winter. [24], [25]
The idea of EAHP in Sweden evolved in the late 70s and for the first time, it was applied
in preparation of DHW in single-family house (SFH). As mechanical ventilation was rather
new, the EAHPs was also considered as a solution to provide DHW in beginning of eighties.
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Although for a while, heat recovery ventilation system (HRV) was substituted for exhaust
ventilation (EV) in Sweden, the overall trend shaped toward EV and heat pump due to the
reasons explained below; [26]






The new generation of EAHP are able to supply all three basic functions in a
package; SH, DHW, ventilation
High efficiency of the heat pump; recover two or three times more energy than airto-air heat exchanger
The simplicity of EV; exhaust ventilation only need one fan and a less complicated
duct system
Lower maintenance for EV than supply ventilation due to hygienic conservation and
the needs of cleaning the supply duct every 10 years
Lower risk of vapor condensation in the walls and the risk for mould due to
depressurizing the inside environment
b. Water source heat pump

Water source heat pumps use the energy stored in ground, surface, lake or sea water for
heating, cooling or preparation of hot water. Water source heat pump has the same principle
to air source heat pump, instead the outside coil extract the heat from the available water
source by drilling the ground and getting access to the ground water, or using the water
reservoir nearby the building.
The water source heat pumps have relatively higher coefficient of performance (COP)
than the air source heat pump due to excellent temperature characteristic of water as energy
carrier. Water source heat pump have better SPF compare to air source heat pump, as the
average temperature of the water during the operation time is higher than ambient air. [22]
c. Geothermal heat pump
Geothermal heat pumps, sometimes referred as ground source heat pumps, extract the
heat stored in the ground and use this energy for heating, cooling and domestic hot water
preparation by a buried vertical or horizontal collector in the ground. Although many
geographical locations experience different temperature along the year from very warm
sunny days in summer to sub-zero cold in winter, a few meter below the earth’s surface the
ground remain in relatively constant temperature. [27]
Ground source heat pumps are inherently simple, reliable and energy efficient system.
This reality is important to bear in mind to avoid overdesigning the system, which causes
complexity and increases the operating and maintenance cost. [28]
Initially, a heat transfer liquid (usually glycol to avoid freezing) is pumped through the
pipes buried in the soil and absorb the heat in the ground resulted from insolation. Then,
the extracted heat is transferred to the refrigerant in a heat exchanger before returning back
to the ground’s pipes. The rest of the procedure is the same as air/water source heat pump
and the heat distribution system can be designed in various methods.

2.1.4. Building energy simulation
To follow-up the buildings energy renovation measures, the energy performance of the
buildings needs to be evaluated. [29] Apparently, the energy behavior of the buildings is a
function of various parameters such as climate, thermal properties of the building,
occupants’ behavior, etc. which would be achieved through the complex problem solving
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methods of building energy modelling. [30] The building energy simulation models are
categorized as “physical models”, “data-driven” models. [31]
The physical based model are built based on detailed physical principles for modelling
the building components, and sub-systems. They are known as excellent dynamic models
due to their detailed dynamic equations built from system physics. The simulation tools such
as TRNSYS and EnergyPlus are the examples of the physical modelling. These tools are
recognized as highly accurate simulation programs vastly used for modelling the energy and
DHW demand of the buildings. Furthermore, due to the large number of details and
parameters input to the model, it is more likely to reach a precise and authentic model. [32]
However, determination of the many input parameters and calibration of the model against
the measured data are some of the challenges of the physical models. [32], [33]
On the other hand, the data-driven model are built around statistical and measured data.
This model uses the simple benchmarking or the complicated regression methodology and
machine learning algorithms in order to find the interconnection between the inputs and
output of the model. However, this methodology could be useful only if the short-term
estimation for the energy consumption of the individual building with few parameters is
aimed. [32], [33]
Thus, it could be inferred that each model has its own advantages in certain cases. Albeit,
absence of high resolution metering data on the one hand and inflexibility of the data-driven
models on the other hand, persuaded the author of this thesis to take full advantage of the
dynamic physical modelling. Moreover, the possibility of integration of different energy
systems into the model and evaluation of retrofit scenario in the future work, make the
simulation method as a useful approach.

Previous work


Dynamic simulation of building and energy system

During the recent years, an increasing attention has been paid to the dynamic modelling
of the buildings and the energy systems. Here, it is tried to restate some of the findings of
relevant studies targeting the main challenges of this thesis.
In a comparative study, Gustafsson et al. [34] compared the energy performance of three
innovative HVAC systems by doing the dynamic simulations in TRNSYS and MATLAB
Simulink. The offered systems then evaluated for a single-family house model under
different boundary conditions. The building was mainly modeled around the acquired data
from Task 44 SHC IEA and the iNSPiRe Project. Consequently, although the objective of
this research was to analyze the suggested HVAC systems, it was additionally concluded that,
in dynamic simulation of the building energy performance, the choice of simulation tool
could impact the results specifically. Furthermore, it is mentioned that focusing on building
energy renovation packages requires a simultaneous consideration of DHW and SH
demand.[34]
In another supplementary work, Gustafsson et al. [35] did a comprehensive study on
energy renovation measures for a Swedish district heated multi-family house. The building
was modeled in TRNSYS and represented a four-story residential building with 9 thermal
zones comprising for apartments (3 zones in 3 floors) as well as 3 zones for the stairwells
and an unheated zone for attic. In that work, it was assumed that the heat transfer between
ground floor slab and the ground is accordance with ISO13370. The internal shading of the
window blinds and the partial shading of the balcony doors and windows were both applied
to the model as well. The occupancy profile and the internal gain of the people, lighting and
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the house appliances were correspondent to the ISO7730. However, what makes this work
distinctive is the additional economic and environmental viabilities of the building envelope
and the HVAC system renovation measures for the case study. Accordingly, the results of
this study reveal that the costs and the environmental impacts would mitigate, particularly,
if the low temperature exhaust air heat pump system supplies the heating and ventilation
demand of the building.[35]
One of the inspiring works proposed a systematic and dynamic energy performance
driven methodology for buildings energy modelling, simulation and renovation is conducted
by Jradi et al. [36] for four case studies in Denmark. Regarding the reliabilities of the dynamic
models compared to the simple models, the energy modelling was done in Energy plus
relying on its communication capability with other software such as SketchUp by which the
3D models of the buildings, orientation, etc. is facilitated. Thus, the submitted workflow of
this study is summarized as: 1. Data collection and building information; 2. 3Dmodel
development; 3. Building energy model; 4. Model calibration and performance simulation;
5. Energy renovation measures; 6. Results analysis and evaluation.[36]


Combination of heat pump and solar technologies

The first integration of solar as a source of energy for the heat pump dates back to 1955,
when Spon and Ambrose defined the first solar assisted heat pump (SAHP) (application of
Solar thermal technology with HP).[37] However, this achievement has escaped from the
attentions until 1982, when after 27 years solar energy was observed again as an alternative
for fossil fuel due to energy crisis and environmental issues. [38]
Since then, many studies have been investigating the combination of solar thermal system
and heat pump and have examined different factors that affect the SAHP performance.
[39]–[44] Initially, SAHP are classified into three configuration where,
a) Solar collectors and HP are not interconnected and each system supply part of the
heating demand (parallel function)
b) Solar collectors works as a heating source for HP evaporator either exclusively or with
an additional source (series function)
c) Solar collectors regenerate the heat for the evaporator’s source of energy such as
ground (Regeneration function) [45]
To provide a common definition of such a system and to increase the penetration of this
new system into a successful market, Solar Heating and Cooling program (SHC) assessed
the performance and relevance of combined systems using solar thermal technologies and
heat pumps. The project were completed at the end of 2013 and the findings were published
under the name of “Task 44” in 2014. [46]
During the last decade, and thank to the awareness of the advantage of heat pump, the
number of installed heat pump has greatly increased (Swedish heat pump association,
SVEP). The reduction in PV system prices as well as the prediction of rising grid electricity
price has attracted more attention to the collaboration of heat pump and solar PV. In
addition, recent findings proved that this combination would also increase the selfconsumption and potentially reduce the adverse effect of sending renewable energy to the
grid if an appropriate storage is included in the system. [27]
The contribution of HP, PV and storage for meeting the heat demand of the buildings,
raise many question that need to be addressed by researchers.
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Fischer et al. reviewed the sizing procedure of the HP coupled with thermal storage when
it has to work in a more dynamic environment in order to shift the electric load. The results
show that thermal load is the strongest determining factor in sizing the HP than PV size,
variable electricity price and other marginal components and therefore the established sizing
method is sufficient. [13]
Thygesen et al. suggested that HP beside PV has profitability potential if it is applied in
monthly net metering scheme. [49] Psimopoulos et al. studied the increment in selfconsumption and solar fraction using thermal/battery storage to supply the heating demand
while Widén et al. found that load scheduling has low potential to improve self-consumption
at least with the current market condition. [50], [51]
Poppi et al. reviewed techno-economics studies of the solar heat pump system including
PV and/or solar thermal while the lack of this field was noticed. They highlighted that the
cost-effectiveness of the PV/SA-HP depends significantly to the boundary conditions (such
as climate, solar intensity, load demand, etc.) and the success of each system has to be
examined individually. [47], [52]

Description of Case Study
The case study is a group of three buildings in central Sweden (Ludvika, Sunnansjö), as
shown in Figure 3. All three buildings (A, B and C) were built as “million dwelling program”
(1965-1975) and in two construction phases.
According to the available information from LudvikaHem1, building A and B are a few
years older and were finished in 1970, while the construction of building C ended in 1973.
Therefore, building A and B are more similar and have the basement, whereas building C
starts with the ground floor.

Figure 3. Aerial view of the case study buildings
According to LudvikaHem, some interior reconstruction in all three buildings were done
in the past years, however the exterior envelope were kept the same as beginning.

1

Public housing company owned by Ludvika municipality
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This thesis concentrates mainly on the modelling of building C and leaves the other two
buildings for future work. In the following, the existing and planned energy system are
explained.

2.3.1. Existing energy system
As it is mentioned before, replacing the old inefficient boilers with an updated
technologies system is an effective solution to maximize the energy efficiency in the building
section.
The heating system in demonstration buildings are integrated in a pump room located in
building B. The required hot water for both DHW consumption and SH are supplied by a
central heating system and distributed separately to the other two buildings (building A and
C) through the culverts.
The central heating system once was updated few years ago in 2008. In that renovation,
the old oil boiler, which had been used since 70’s, was replaced by a new pellet boiler.
However, the oil boiler was kept as a backup for the system and it is still available in the
main pump room. The radiators and the distribution hot water pipes have not been
refurbished except a few that has been changed due to the leakage problem. Table 2 Shows
the specifications of the available DHW and SH system in the demonstration buildings.
Table 2. Specification of the existing DHW and SH system in the case study

Energy source
Model

Pellet Boiler with additional DHW cylinder
VIESSMANN ,VITOPLEX 200 (boiler) coupled with
Janfire pellet burner, NH or FLEX-A

Heating capacity

200 𝐾𝑊

Annual efficiency

Around 90 %

Covered area

Building A, B,C - Gross area around 4488 𝑚2 , Total 53
apartment

Type of SH

Single pipe radiators from 1970

Type of DHW

Circulated hot water production

Designed supply water temp.

80 °𝐶

Designed return water temp.

30 °𝐶 ~ 60 °𝐶

Although, the pellet boiler works properly now, it is decided to take a step further toward
NZEBs and supplement it with the new generation of heat pump (HP) system.
Due to the lack of space in the buildings, it has been decided so far to keep the central
configuration of the system and put the main HP in the central pump room and use the
available trenches for the distribution of hot water pipes. Instead, the old oil boiler is going
to be removed and the pellet boiler will be working as a backup for the new HP system when
the HP cannot afford the required heating demand.
The existing air circulation in the case study is performed using an exhaust ventilation
system. Three fans continuously work in the attic area and extract the inside polluted air
through three main ducts in each of these buildings. The flats’ exhaust ducts are located in
the kitchens and bathrooms where high emission from polluted air cannot be avoided. Fresh
air is drawn in to the building either through the leakages in the building envelop or by trickle
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vents (air registers) that were fitted on the windows’ frame of living room and bedroom.
Unfortunately, no measurement or maintenance has been recently done to ensure the
function of the system, although the condition of the trickle vents blocked by dirt leads to a
risk of poor ventilation.
In the renovation plan, the ventilation air is considered as a renewable source of energy
for the HP. In addition, it is planned to replace the old radiators with new ones and the air
registers are moved behind the radiators location (after possible passive renovation). As a
result, the current ventilation system will be replaced by heat recovery ventilation system and
ventilated radiators. Further description is provided in the next sections.

2.3.2. Planned energy system
I.

Exhaust air heat pump

NIBE, a leading producer of heat pumps in Nordic countries, has been contributing as
an involved company in EU Energy Matching project. The new generation of EAHP
manufactured by NIBE is technologically compatible with Swedish cold climate and offers
an efficient solution to both energy saving and safe operation. Green Master HP unit is the
product that has been proposed for the demonstration building by NIBE. Here, the
specification of this heat pump is reviewed.[53]
Green Master HP consists of two sections; the heat recovery/ventilation system and the
heat pump system. The exhaust air is channeled through the first section, cooled down from
about 21 °𝐶 to almost 0 °𝐶 and transferred heat to a brine circuit (1). In the second section,
heat pump’s evaporator makes use of this extracted heat as a renewable source of energy
and the refrigerant changes into gas (2). Like the other types of the heat pump, the
compressor rises the pressure of the refrigerant, resulting in an increase in temperature (3).
An inverter- controlled compressor adjusts heat pump output with the prevailing needs, to
improve the efficiency and reduce the attribute electrical consumption. In the condenser,
the energy stored in refrigerant is released and refrigerant reverts to liquid, ready to continue
the cycle and collect new heat energy (4). The abandoned energy is also transferred to a
water-based heating system to produce required DHW and/or SH (5). Figure 4 illustrates
the explained procedures. [25]

Figure 4. Heat recovery from ventilation air via HP- separate system configuration
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The combination of the heat recovery/ventilation section and the heat pump in Green
Master HP can be offered as compact or separate system; i.e. when there is not sufficient
height and enough space in attic to install everything together (factory-assembled unit), the
heat pump can be shifted to the mechanical room downstairs, and the brine connection
pipes between ventilation and HP are installed on-site. As shown in Figure 4. Moreover, the
system can be ordered as outdoor unit with IP 65, if the system is going to be put on the
roof without any shelter. The separate configuration is also applicable for outdoor unit.
II.

PV system

Onyx, a leading manufacturer of transparent photovoltaic glass, as an involved member
in EM project is going to provide up to 500 𝑚2 PV modules for the demonstration buildings
in Sunnansjö. The planned energy system targets harvesting on-site renewable energy and
improves the energy performance of the buildings by giving an active role in energy
generation than being a consumer merely. For this purpose, the combination of EAHP and
PV are considered as the planned renovation for energy system.

Performance Indicators
Here the definition of performance indicators used in the methodology and results
sections (chapter 3 and 4) are described. All the calculations associated with performance
indicators (result section) are done with one hour time step.
a. Self-Consumption
Self-consumption is a portion of PV production (net value after inverter) which is directly
used by local load. This value M(t) in an instantaneous basis is defined as below; [54]
Equation 3

𝑀(𝑡) = 𝑚𝑖𝑛[𝐿(𝑡), 𝑃(𝑡) + 𝑆(𝑡)]
Where,
L(t) is the instantaneous electricity demand
P(t) is the Instantaneous on-site PV production

And S(t) is the power to and from the storage unit, with S(t)<0 when charging and S(t)>0
when discharging.
In an annual basis the self-consumption (SC) is calculated from equation 4.
𝑡

𝑆𝐶 =

2
∫𝑡 𝑀(𝑡)𝑑(𝑡)

Equation 4

1
𝑡
1

∫𝑡 2 𝑃(𝑡) 𝑑(𝑡)

b. Solar Fraction
Solar fraction is the portion of the demand which is supplied by the PV production (the
net value after inverter). This value is determined by equation 5.
𝑆𝐹 =

𝑡
1
𝑡
∫𝑡 2 𝐿(𝑡) 𝑑(𝑡)
1

2
∫𝑡 𝑀(𝑡)𝑑(𝑡)

Equation 5
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c. PV to grid
PV to grid (PVexport) is the amount of electricity generated by PV that does not consume
in the buildings and instead, it is sent to the grid. This value is calculated only for the base
case and without considering any electrical storage. Equation 6 defines the numerical
calculation used in determining this value.
𝑡2

Equation 6

𝑃𝑉𝑒𝑥𝑝𝑜𝑟𝑡 = ∫𝑡1 (𝑃(𝑡) − 𝐿(𝑡)) 𝑑(𝑡)

d. Final Energy consumption
Final energy consumption in this work is designated as total electricity bought from the
grid plus the equalized pellet energy (Epellet) use in the boiler as auxiliary system. Hence, it is
formulated as below,
𝑡2

𝑡2

𝐹𝐸 = ∫𝑡1 (𝐿(𝑡) − 𝑀(𝑡))𝑑(𝑡) + ∫𝑡1 𝐸𝑝𝑒𝑙𝑙𝑒𝑡 (𝑡)𝑑(𝑡)
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Equation 7

3 Simulation of building and energy system
To estimate the potential of energy saving when an active energy renovation applies to
the case study, the thermal model of the buildings has to be built. The methodology
proposed in this thesis is based on the simulation of one of the buildings and calibrating the
results against the approximate SH demand obtained from estimated annual fuel
consumption. Since the buildings have similar construction, ventilation and a common
heating system, the results concluded from building simulation is extrapolated to three
buildings’ scope.
o TRNSYS as the main tool
There are number of reasons to choose TRNSYS as the simulation tool in this thesis.
The most important reason that makes the author to model the building using TRNSYS is
having the support of previous studies done in Dalarna University using this software and
the possibility of modifying and completing this work in the near future. Moreover, a review
of the available tools in energy simulation declares that TRNSYS has flexibilities to create
components consistent with desirable function thanks to the open source code and thus this
feature can be beneficial particularly in modelling the energy system (section 3.2).[55], [56]
The main limitation in using TRNSYS is the complexity of the tool as it takes quite a
considerable time to learn how to solve the errors and interpret the results.
o Benchmarks
This thesis takes the advantages of the previous researches that have studied the energy
performance in Swedish multi-family houses under the Energy efficiency directive (EED)
action plan. These benchmarks [57]–[59] form the basis in this thesis particularly when the
available evidences cannot meet the required inputs. Moreover, this thesis makes the most
use of the findings of the study carried out by Dipasquale et al. under the Eurac research[60],
specifically in simplification of the model.
o Intended building
The primary assessment of the archived documents available in LudvikaHem has proved
that more information is accessible for building C than the other two buildings. Therefore,
it is decided to model building C and use the result of simulation to estimate total SH
demand. Further description is provided in section 3.1.5.

Building model
The framework of this section is inspired from the available methods in the building
simulation [57], [61]–[63] and is built on gathering data, constructing the model, simulating
the model and analyzing/minimizing discrepancies between simulation and measured values
(Calibration) and estimating the total SH demand of three buildings based on the result of
simulation.
When evaluating the possible increased energy efficiency in a house, it is beneficial that
the energy use before the renovation is known. For this purpose, the existing building is
simulated using TRNBuild (Type 56) [64] in TRNSYS.
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3.1.1. Data collection
The process of data collection in this thesis consist of extracting information from old
drawings, conducting several interviews with maintenance person(s) and the relevant experts
in LudvikaHem, some field measurements and gathering required specifications from system
manuals and system settings.
In addition, for the parameters that could not be obtained directly from empirical
evidences, this thesis profits from experts’ knowledge, the previous related studies as the
benchmark, and personal experiences. There are some non-observed parameters that their
values are difficult to collect in this study due to the lack of information or being stochastic
in nature; therefore theses values are estimated/adjusted using stochastic MATLAB model
developed by Widén et al. [11].
Figure 5 shows the input parameters used in this thesis according to the classification
method proposed by Yang et al. [65]

Figure 5. Classification of the input parameters for simulation of building C

3.1.2. Constructing the model
Essentially, the simulation of a building with Type 56 consists of defining geometrical
and non-geometrical parameters. To speed up the process and also increase the accuracy of
the geometric information in Type 56, a free developed plugin called Trnsys3d for SketchUP
is used. This plugin enables the user to not only draw the buildings’ surface, but also create
thermal zones. The following provides further description of this approach.
I.

Geometrical information and thermal zones

The intended building (Building C) is a 3 -story multi-family house with an unheated attic,
a slab on-ground and a total heated area of ca 1548 m 2, as listed in Table 3.
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Table 3. Heated area of the building C in detail
First floor

Second floor

Third floor

Floor area of flats [𝑚2 ]

60

45

60

77

42

60

77

42

Num. of flats

4

2

4

2

1

4

2

1

Total num. of flats

20

Total floor area of flats [𝑚2 ]

330

436

436

Stairwell [𝑚2 ]

80

80

80

Storeroom [ 𝑚2 ]

106

0

0

Total heated area [𝑚2 ]

1548

Regarding the previous experience and to avoid complication, the heated area of the
building is represented by 3 thermal zones in the model. Each zone comprises a floor
including flats, stairwell and the stores (only in the first floor). The attic is considered as a
non-heated zone (zone 4) with an adjacent surface with zone 3. Figure 6 illustrates a simple
layout of the building position and thermal zones.

Figure 6. Simple layout of thermal zones and the position of the building used in the model
To develop this concept in TRNBuild and instead of entering the surfaces manually, all
the 3 dimensional data plus thermal zones are created in Trnsys3d (SketchUp plug-in)[64].
The entered data in Trnsys3d is saved as so called “*.idf file”, and this file has to be imported
in TRNBuild subsequently.
Thermal model is quite different with architectural model and the focus is on heat transfer
aspects than buildings physical details. Each zone in Trnsys3d, unlike the SketchUp zone, is
separated by perimeters and interior walls. As the external walls of the demonstration
building vary in material, thickness and therefore in thermal properties, it is necessary to
classify them in Trnsys3d based on types. This allows the user to define the layers and
detailed wall construction easily after the import in TRNBuild.
The interzonal surfaces must be considered in Trnsys3d as well; e.g. ceiling is a common
surface between the zones and it has to be defined as “Adjacent ceiling” to be contiguous
with upper zone.
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The attic is also drawn with an adjacent surface (called “Attic_floor” in model) to the “zone
3”. However, the construction material and the layers is different with other
“ADJ_CEILING” and needs to be distinguished after import in TRNBuild. The attic roof
should represent “external roof” and then is considered automatically in vicinity of outside
ambient.
II.

Non-geometrical details and boundary conditions

As it was already mentioned, apart from the geometrical parameters, which have been
defined with 3D approach, the rest of the required information must be directly
entered/added to TRNBuild. This information consists of the boundary conditions of the
intended building plus the information regarding the construction such as materials, layers,
thickness, etc. which determine the U-value of the components.
a. Climate
Climate is one of the effective parameters in calculation of heating demand, although
having access to the high-resolution weather data is barely possible. It is important to bear
in mind that the uncertainties are an inseparable part of simulation, though minimizing the
deviation and being in the acceptable level of error is crucial.
Due to the lack of high-resolution (one-minute) weather data for the location of the case
study, the simulation is performed with the weather data of Borlänge. Borlänge is located
approximately in 50 𝑘𝑚 from Sunnansjö and it is the closest available weather data to the
location of the project in TRNSYS.
Table 4 compares the climatic data between Borlänge and Ludvika. As it is shown, the
annual average ambient temperature and wind velocity are fairly similar while the irradiation
is slightly different.
Table 4. Climatic data comparison between Ludvika and Borlänge[66]

Annual global
irradiation

Annual diffuse
irradiation

Annual average
ambient
temperature

Annual average
wind velocity

𝑘𝑊ℎ/𝑚2

𝑘𝑊ℎ/𝑚2

°𝐶

𝑚/𝑠

Ludvika

883

466

6

3.16

Borlänge

932

460

6

3.16

Location

b. Internal gain
Internal heat gain (IHG) due to the occupants’ activities, lightings and electrical
appliances is an influential parameter in calculation of balance temperature. IHG varies from
time to time depend on households’ member activity and the type and usage of electrical
equipment.
A high-resolution stochastic MATLAB model of domestic activity pattern and electricity
demand developed by Widén et al. [11] is an appropriate calculation tool to estimate the
IHG.
Since three thermal zones has been already assigned to the heated area of the building,
the IHG must be separately calculated for each zone. According to LudvikaHem, 73 % of
the apartment have one occupant, 25 % with two habitant and only 2 % of the apartments
are used by three or more persons. The stochastic model draws a base line using this
information and the number of apartments in each zone (Table 3) and hence estimates the
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minute-based activity of occupants and accordingly the power consumption. Table 5
compiles a list of occupants’ activity estimated by stochastic model and the consequent heat
gain.
Table 5. Heat gain due to occupants’ activity according to the Standard VDI 2078
Standard

VDI 2078
Radiative

Convective

Total

1- away

[𝑘𝐽/ℎ𝑟]
0

[𝑘𝐽/ℎ𝑟]
0

[𝑊 ]
0

2- sleeping
3- cooking
4-dishwashing

146.16
174.42
174.42

146.16
174.42
174.42

81.2
96.9
96.9

5- washing
6- drying

174.42
174.42

174.42
174.42

96.9
96.9

7- tv/vcr/dvd

155.16

155.16

86.2

8- computer
9- audio
10- bathing
11- showering
12- other

155.16
155.16
122.76
122.76
223.92

155.16
155.16
122.76
122.76
223.92

86.2
86.2
68.2
68.2
124.4

Stochastic model,
output code meaning

Activity level at room
temperature 21°C
No presence
Reclining

Standing light activity

Sedentary light activity

Standing light activity at 28 degree
Standing medium activity

Regarding the specified people activities, the stochastic model defines the power
consumption, including the electrical consumption of appliances and the lighting
consumption in each apartment. To calculate the heat gains due to lighting and appliances
in each apartment, it is assumed that 100% of the consumed electricity is converted to heat.
Except for occupants’ activity, lighting and electrical appliances, the heat losses from
DHW circulation and also the electricity use by operational equipment (Such as fans, pumps,
etc.) contribute in IHG. As a simplification, it is assumed that the DHW circulation losses
only occurs in the first floor, where the main distribution hot water pipes trench is located,
and this value is added as IHG to the first floor. In the same way, the heat gain due to
operational electricity consumption is added to IHG of the first floor (Zone 1).
Resulted heat from DHW circulation losses in the first floor is roughly calculated from
equation 3.
𝐼𝐻𝐺𝐷𝐻𝑊𝐶 = 𝐷𝐻𝑊𝐶𝑙𝑜𝑠𝑠𝑒𝑠 ∙ 𝑆𝑎𝑟𝑒𝑎 ∙ 𝑇

Equation 8

Where,
𝐷𝐻𝑊𝐶𝑙𝑜𝑠𝑠𝑒𝑠 equals to 0.57 𝑊/𝑚2 of heated area according to Sveby [67].
S area equals to the surface area of the first floor including flats and stairwell (acquired
from Table 3), and T is the time unit.
Operational electricity use is also extracted from yearly measurement data2 provided by
LudvikaHem and then scaled down to be utilized for building C. Table 6 summarizes the
applied IHG in the simulation for each thermal zone.

2

An average from Measurement data for the years 2014, 2015
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Table 6. IHG considered in the simulation
IHG due to
First floor (Zone 1)
Second floor (Zone 2)
Third floor (Zone 3)
Attic

Personal
activity
✔
✔
✔
✖

Lighting &
El. appliance
✔
✔
✔
✖

DHW
circulation
loss
✔
✖
✖
✖

Op.
equipment
✔
✖
✖
✖

c. Slab
To consider the impact of earth-coupled heat loss in the building model, the heat
exchange between the ground and the heated surface needs to be simulated. For this
purpose, a few components are recommended by TRNSYS manual. Detailed description of
slab modelling is provided in section 3.1.3.
d. Shading
As the building has balconies in the west façade, the insolation for the windows exposed
to balconies shading has to be separately defined. Type 34, can directly compute the
insolation coming into the buildings through windows where the windows have external
shading surfaces. Then afterward, the parameters used in the definition of west orientation
in Type 56, have to be replaced by the output of Type 34.
To imitate the function of blinds placed in the windows’ pane and control the heat gain
resulting from solar radiation, the internal shading control is assumed for the windows. The
internal shading is applied when the radiation on the respective surface exceed 200 𝑊/𝑚2
and it is removed when the radiation reduce to 150 𝑊/𝑚2 .
e. Construction Types
The geometrical 3D model, which has been already imported into Type 56, must be
completed by definition of materials and the construction of layers. This step is very
important since the construction type has remarkable effects on the estimated U-value of
the building envelope. In this thesis, it is tried to make the layers and the material as close as
possible to reality with respect to the data that either provided by LudvikaHem or finding
from the old drawing and site visits. Table 7 clarifies the building’s components in terms of
position and the used materials.
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Table 7. Building components and their materials
Foundation
Bottom

Floors/Ceilings

roof

slab

Ground floor

Adjacent ceiling

Attic floor

External roof

Drainage Gravel

Vapor barrier

Concrete

Concrete

Trapezoidal metal
roof

Heavy concrete

Cellular plastic

Sand/Gravel

Mineral wool

Sand

Particle board

Floor material

Floor material

Top

External walls

Outside

Type 1

Type 2

Type 2 +

type 3

Gable

2nd & 3rd floor

1st floor

In front of stairwell

Brick facade

Brick facade

Plaster

Facade panel

Mineral wool

Air gap

Brick facade

Fiber concrete plate

Concrete element

Asphalt board

Air gap

Wooden wool

Wall paper/paint

Wooden wool

Asphalt board

Vapor barrier

Vapor barrier

Wooden wool

Fiber board

Plaster board

Vapor barrier

Wall paper/paint

Wall paper/paint

Plaster board

Inside

Wall paper/paint

Some of the above mentioned materials are available in TRNBuild library and they just
need to be sorted in an appropriate order and thickness, whereas there is the possibility to
create new layers in the lack of information. In this case, the materials’ specification have
been extracted mainly from [68]. Appendix 1 includes a list of used material and their
specification.
f. Windows
Determining the window specification is one of the challenging subjects in this thesis
since there is not any information about them. Moreover, the substitution of existing
windows with a big one in the model, which has the equal size to the total area of windows,
can in turn greatly affect the windows’ specification.
The windows are the typical Swedish window with two panes, clear glazing and the
wooden frame and they have not been changed since the beginning.
According to the information obtained from benchmarks, the U-value of the windows
manufactured at the time of building construction (between 1970 to 1980) is not better than
2.8 𝑊/(𝑚2 ∙ °𝐾), when there is no clear idea about the g-value. [35], [55], [56], [59], [67],
[68]
On the other hand, a rough measurement of the existing window proved that the frame
fraction is approximately 20 %; i.e. 20 % of the total area of a window is covered by the
frame and 80 % is dedicated to the glass. Based on this information and again to avoid
complication, it was decided to choose a window from TRNSYS library with the closest
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specification to the intended windows. However, TRNSYS capable the user to make the
desired window with the use of an external program developed by the Lawrence Berkeley
National Laboratory (LBNL)[71].
g. Ventilation
Regardless of the current circumstance of the building’s ventilation and despite the
possibility of an unfavorable air circulation, it is assumed that the building is equipped with
the standard rate of ventilation in accordance with Swedish building regulation [72]. As a
result, the ventilation rate in the heated area of the building model is set to 0.35 𝑙 ⁄(𝑠 ∙ 𝑚2 )
which equals to 0.5 ℎ −1.
Since the ventilation in Type 56 must be defined as controlled ventilation and infiltration
separately, it is presumed that 20 % of total ventilation rate is performed by the air change
through infiltration (0.1 ℎ −1) in the heated area. In contrast, the unheated-attic has no
controlled ventilation and the whole air change (0.5 ℎ −1) is covered by infiltration. Table 8
shows the assigned ventilation and infiltration, as it is modeled in the simulation.
Table 8. Ventilation and infiltration for the demonstration building in Type 56
Ventilation type

Controlled ventilation

Infiltration

Unit in Type 56

[𝒎𝟑/𝒉 per each 𝒎𝟐]

[𝟏/𝒉]

First floor (Zone 1)

1.008

0.1

Second floor (Zone 2)

1.008

0.1

Third floor (Zone 3)

1.008

0.1

0

0.5

Attic (Non-heated zone)

h. Set temperature
Set temperature of the thermal zones are one of the influential parameters in determining
the heat demand, though it might vary in different national standards and different climate
zones. The existing heating system of the demonstration building has a control function that
enables to maintain the flats at a desired temperature. This temperature is currently set in
accordance to Swedish building standard at 21 °𝐶 , whereas the temperature in stairwell and
store room are most likely a few degree lower than this value and it is assumed to be around
16 °𝐶 . Therefore, the set temperature of each thermal zone can be estimated as a weighted
average of the temperature with respect to the floor area, See Table 9.
Table 9. Weighted average of each thermal zone with respect to floor area
Building C- Ave. Temp. of the zones
First floor (Zone 1)
Second floor (Zone 2)
Third floor (Zone 3)

19.5
20.5
20.5

°𝐶
°𝐶
°𝐶

In order to model the operation of the heating system during the warm season, when the
boiler is only activated upon the request of DHW, a mechanism is required to set the SH
demand as zero when the ambient air exceeds a certain level of temperature. In this respect
and as a simplification, it is assumed that there is no SH demand when ambient temperature
goes above 14 °𝐶 .
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i. Thermal bridge
The effect of thermal bridge is calculated using a numerical procedure that requires
having information about thermal transmittance and the length of thermal bridge of EMDC.
Due to the lack of this information and as simplification, the general value of thermal
bridge (0.1 𝑊/(𝑚2 ∙ °𝐾)), as it is being used in scientific calculation of energy balance, is
applied in this thesis. [73]
In TRNSYS 18, it is possible to take thermal bridge effect of the envelope (cold bridge)
into account without adding the surface to the model. Therefore, thermal bridge is defined
as a specific gain/loss related to the envelope area.

3.1.3. Simulating the model and applying simplification
Having an appropriate level of complexity in the building model is always an issue which
must be considered before the simulation starts or even be revised after observation of the
results. As in most cases, the building model is integrated with an energy system model to
study the total performance of a heating/cooling system, the simplification of the system
and reducing the computation time is an important aspect. However, as it is concluded by
Dipasquale et al. [60], there is not a unique solution to reduce the computational effort as it
is strictly dependent on the level of accuracy needed for the study and the aim of simulation.
In this thesis, the primary model was built in the simplified mode regarding the
parameters such as radiation mode and shading element, that were already expected to cause
negative effect in simulation run time. [12], [60] However, the impact of the detailed building
envelope and the slab on the accuracy of the model and its computation time were unknown.
Thus, it is found advantageous to this thesis to evaluate the influence of the complexity of
the building geometric and slab on the simulation results. For this purpose a model with the
geometrical information similar to the reality and a complex slab model was developed; i.e.
doors and windows were positioned with the accurate size on the external wall of the
building envelope and a detailed slab model (using Type 1244) was generated for the
building.
After the completion of the model, it is noticed that the computation time is unfavorably
long while it might be possible to meet the expectation of the study with further
simplification. As a result, the detailed geometrical model is replaced by a simplified model
that includes a window with the same total sizes of the all windows located on the external
wall of the zones. The difference between two mentioned model is illustrated in Figure 7.

Figure 7. Detailed 3D model (left) and simplified model (right)
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In addition, the complex slab model (Type 1244) is also substituted with a simple
component (Type 77) representing soil temperature as the boundary condition for the
building foundation.
The comparison between simplified and detailed model reveals a substantial reduction of
around 95 % in simulation runtime from 8.5 hours to 20 minutes, whereas there is no
significant difference in concluded SH demand. Table 10 summarizes the result of this
comparison and as it is shown, the difference between the annual SH demand in detailed
model and simplified case is around 7 % for the models without considering shading effects
of balconies. However, Higher difference ( >10 %) is observed when the effects of balconies
are added to the model, as 3D objects in detailed model and as an external component (Type
34) in simplified case.
Table 10. Comparison between the simulation results and computing time in detailed and simplified
model
Simulation accuracy
Detailed 3D model & detailed slab
Simplified 3D model & simplified slab

Computing time

Annual SH demand

8.5 hours

155 𝑀𝑊ℎ

20 minutes

145 𝑀𝑊ℎ

Consequently, to facilitate the improvement of the model in the following steps and as
an appropriate compromise between the desired accuracy and suitable computation time, it
is concluded to carry out the simulation with the simplified model.

3.1.4. Calibration
To testify the validity of the simulation, it is beneficial to calibrate the model against the
measured energy use. The calibration of the model could enormously help to lower the error
if the accuracy of the measurement is verified. However, due to the lack of information in
the case study, it is found expedient to make assumptions, which in turn may negatively
affect the results.


Measured energy use

Thanks to the LudvikaHem, the heat value of the consumed oil and pellet in the boilers
for the years 2014 and 2015 has been already calculated. These monthly values are derived
from the building management system (BMS) and they are estimated from the amount of
oil and pellet fed to the boilers.
Regardless of the possible errors in the mechanism defined for the BMS to estimate the
monthly fuel consumption, these values must be read and reset to zero manually. While, it
is not uncommon that this is not done exactly on the 1st of the months, and thus it increases
the uncertainty.
On the other hand, the justification of the measured value with the amount of pellet
bought during these two years, shows that the information for the year of 2014 could be
more trustable. Therefore, the energy value of the consumed pellet and oil during the year
2014 is considered as an initial step for the calibration process.
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Figure 8 illustrates the process and the assumptions that were applied to estimate the
energy demand for the SH of building C in 2014.

Figure 8. Calculation process and assumption for estimation of SH demand of building C in 2014


SH demand according to simulation for the year 2014

The created building model has to be simulated for the year 2014 to enable the
comparison between approximate measured SH and the result of simulation.
For this purpose, the weather data processor (Type 15) in the main model is substituted
by a data reader and three extra TRNSYS components. The required hourly weather
information is extracted from the closest weather station in Ludvika and the available
irradiation data from STRÅNG(SMHI3)[74], [75], as no information is found for the location
of the project. The extra TRNSYS components have the responsibility to provide the
required climatic data, such as radiation parameters, sky temperature, dry bulb temperature
and humidity ratio.


Minimizing discrepancy between simulation and measured SH

This is a fact that the result of simulation in most cases are even far from the measured
building performance, since the buildings do not always behave as they are initially
designed.[76] Similarly, in this study the comparison between estimated measured and
simulated SH demand reveals that there is not a close match between these values.
To increase the simulation accuracy and ensure the robustness of the model, a continuous
update of the basic assumptions are required. In this method known as “Analytical
calibration”, the available evidence are used to iteratively adjust input parameters based on
analysis, experiences and trial until simulation output match actual measurement. This
calibration method is mostly manual and pragmatic intervention. [77], [78]
3

Swedish Meteorological and Hydrological Institute
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In analytical calibration, the fundamental assumed parameters, which play an important
role in determining the SH, are firstly identified. Then these parameters receive a slight
modification in their value to minimize the gap and enhance the correlation between two
graphs. Table 11 reviews the influential parameters accompanied by the primary and
modified assumptions in measured /simulated SH.
Table 11. Influential input- Primary and modified assumption
Primary
assumption

Unit

Modified
assumption

Ventilation

1.008

[𝑚3 /(ℎ ∙ 𝑚2 )]

0.504

[𝑚3 /(ℎ ∙ 𝑚2 )]

Infiltration

0.15

[𝑎𝑐ℎ]

0.1

[𝑎𝑐ℎ]

Thermal bridge

0.14

[𝑊/(𝑚2 ∙ °𝐾)]

0.05 5

[𝑊/(𝑚2 ∙ °𝐾)]

Simulation

Influential Parameter

Oil

87

[%]

0.93

[%]

vary between
70-90

[%]

87% in
winter-80%
in summer

[%]

Culvert loss

3% total heat

[%]

Retained

[%]

DHW consumption

According to
stochastic
model

[𝑙𝑖𝑡𝑒𝑟]

20%
reduction

[𝑙𝑖𝑡𝑒𝑟]

0.57

[𝑊/(𝑚2 ∙ 𝐴𝑡𝑒𝑚𝑝)]

20%
reduction

[𝑊/(𝑚2 ∙ 𝐴𝑡𝑒𝑚𝑝)]

Boilers efficiency
Pellet

Measurement

Unit

DHWC loss

The finding shows that ventilation is a key element in the simulated SH and any reduction
in ventilation rate can greatly decrease the SH demand, whereas the other parameters may
slightly change the SH demand.
As it is shown in Table 11, the primary assigned ventilation rate is based on the available
standard in Boverket, however poor ventilation is a common fact in old building stock. As
a result, it comes to the conclusion that weak ventilation system is most likely a major reason
of the low measured SH compare to the initial simulation result and decreasing the
ventilation rate in the model will lower the SH demand. Figure 9 compares the measured
SH and the result of simulation when the primary assumptions are reviewed according to
Table 11.

Figure 9. Measured and simulated SH demand before (left) and after (right) analytical calibration
4
5

General thermal bridge value according to EnEV
Reduced thermal bridge value according to DIN4108
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As it is clear from Figure 9, the measured and simulated SH could not reach a perfect
compatibility in spite of calibration process. In the following, number of reasons are stated
that justify this deviation with reference to the unavoidable uncertainties in this thesis;
-

The simulation in TRNSYS for the year 2014 was performed with Ludvika weather
data and not Sunnansjö because of the lack of access to high-resolution weather
information for the location of project. Thus, this difference could be considered as
one of the most important source of uncertainties.

-

Almost all non-geometric information required in Type 56 including the air change
rate, internal gains, thermal bridge, etc. are set in accordance with the standards and
not based on the on-site measurements. However, it is not unrealistic if these
parameters do not conform with the standard level in practice. Thus, part of the error
observed in the calibration process could derive from inconsistency between assumed
ideal and existing condition in the buildings.

-

The so-called “measured SH demand” of the building C, is realistically obtained from
a series of calculations and assumptions over the estimated annual fuel consumption
and is not a precise measured values. These assumptions, from estimation of DHW
consumption to culvert losses, could each in turn raise the level of uncertainties and
intensify the gap.

3.1.5. Extrapolation the SH demand of three buildings
The total SH demand of the buildings is calculated using the result of simulation and
extending it to the scope of three buildings. As most of the simulation inputs are either
similar between three buildings or a function of area, the total SH demand can be
approximated with respect to the weighted-average of heated area.
Table 12 and Figure 10 respectively show the heated area and SH demand for building C
and three buildings.
Table 12. Heated area in simulation and three buildings scope

Heated area of building C

Heated area of three buildings

1548 𝑚2

3861 𝑚2

Figure 10. Simulated SH demand of building C vs total SH demand in three buildings
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Heating system with exhaust air heat pump (EAHP)
The aim of this section is dynamic simulation of the proposed energy system integrating the
SH and DHW profiles of three buildings concluded respectively from building model
(section 3.1) and stochastic model [11]. The second objective of this section is creating the
electricity consumption profile of the heat pump when it supplies the intended heating
demand. The TRNSYS model used in this section is not developed by the author, though it
is altered and sized once more in this thesis according to the specification of the case study.
The simulation is done using TRNSYS with 1-minute time step; Table 13 gives a brief
description about the key elements used in the model and their principles.

Table 13. Key elements and their associated functions in the designed energy system model

Key elements

HP

Component

Description

Pre-developed
model

The model uses manufacturer's catalog data for a Nibe
F750 heat pump and performance map behaving as
EAHP with frequency controlled compressor
Sizes the pre-developed model in accordance to the
required scale for proposed heating system

Scaling function

SH circuit

Buffer storage

Conditions a water stream from HP to charge the buffer
storage and providing SH demand

Auxiliary heater

Conditions existing pellet boiler as back-up source

SH load profile
DHW storage

DHW circuit

DHW load profile
HP controllers

Controllers

Actuators
Valves

Hydronic

Weather data
Output

Space heating demand of whole three buildings based on
building simulation results
Conditions a water stream from HP to heat up DHW
storage
Total hot water consumption by whole three buildings
based on MATLAB stochastic model
Calculate the control signal to maintain the controlled
variables at their set points. In addition the frequency of
the compressor was limited so that the outlet air does not
go lower than 2 °𝐶
Control the flow direction in response to the receiving
signals

Pumps

Variable speed pumps to maintain outlet mass flow
according to control signals

Pipes

Models the thermal behavior of fluid flow in a pipe

Meteonorm
weather data

Same weather data used for building simulation

HP electricity profile

33

Figure 11 shows the Studio model when the components are categorized based on the
explained main elements in Table 13.

Figure 11.Overview of the proposed heating system developed in TRNSYS environment



Some information about the model;

-

Due to the lack of appropriate space for installing the HP in each building separately,
it is decided to keep the central configuration of the energy system and therefore the
pre-developed heat pump model is scaled and sized with the total demand of three
buildings.

-

Load profiles have minute-based time resolution and includes the demand of three
buildings regardless of the possible system and distribution losses.

-

To simulate the functionality of heat recovery system and using warm inside air
(exhaust ventilation) as an energy source in heat pump evaporator, it is assumed that
the evaporator is fed with the air temperature equal to the room temperature (around
21 °𝐶 , assumed exhaust air temperature).

-

The auxiliary heater in the model represents the function of the pellet boiler as backup source particularly for supplementing the SH demand when the HP cannot supply
it.

-

The simulation of energy system could be further completed with direct integration
of building model (Type 56) and modelling ventilated radiators, but this was not done
in this study.
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PV system
The application of PV module in demonstration buildings is a further step toward moving
along “Decentralized renewable interconnected system” as it is planned in EM project.
In a primary study, the feasibility and optimal placement of solar panel either in the shape
of PV modules or roof integrates PV was assessed. [79] A brief result of the mentioned
study is collected in Table 14.
Table 14. A summary of designed PV system for the demonstration buildings
Selected roof

Num. of mod.
Num. Inverter
Capacity of Inverter
Mod. In series
Num. String
Area

Roof A

Roof B

West face
Tilt 14
Azimuth 83
Sub array #1
Sub array #2
39
80
1
1
10 𝑘𝑊
20 𝑘𝑊
13
16
3
5
63
129

South face
Tilt 14
Azimuth -7
---162
2
20 𝑘𝑊
18
9
261

Total Nominal Power
Annual Energy production
Produced Useful Energy

2.4 𝑘𝑊ℎ/𝑘𝑊/𝑑𝑎𝑦

Total Losses

0.34 𝑘𝑊ℎ/𝑘𝑊/𝑑𝑎𝑦

74 𝑘𝑊
65.26 𝑀𝑊ℎ

Figure 12 shows the optimal placement of the PV panels considering shading analysis
and maximum annual electricity production per area.

Figure 12. Optimal placement of PV modules on the roof of demonstration buildings [79]
The primary evaluation of the designed PV system proved that the on-site electricity
generation of ca 500 𝑚2 PV could partly compensate the electricity consumption of HP,
although the production and demand do not closely coincide. In this thesis, the designed
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PV system in PVSyst is revised with the similar weather data used in simulation of building
and HVAC model. For this, it is enough to once export Borlänge weather data from
Meteonorm file available in TRNSYS and then import its CSV format as ASCII in PVSyst.
The simulation of the PV system with uniform weather data as the rest of simulation
procedure, enable the author to create hourly-based PV production needed for section 3.4.

Energy system with combination of PV and EAHP
To draw a more accurate illustration of the energy system output, the combination of the
proposed heating and PV system is simulated in this section. For this purpose, another
TRNSYS model is developed, in which the results of previous steps (section 3.2 and 3.3) are
used as inputs. In addition, the model encompasses other electrical load such as electricity
consumption by flats and operational electricity used. Moreover, the utilization of storage is
analyzed with a parametric study of various battery sizes. Figure 13 outlines the developed
TRNSYS model when the key elements of the energy system are represented by their
ultimate outcome.

Figure 13. Overview of the energy system in TRNSYS environment
The general principle of the simulated system is briefly described in the following
sections:
a. Generation from PVSyst
PV generation data file in this simulation represents the production of the PV system in
hourly-basis, which was obtained from section 3.3. As it was explained in section 3.3, the
optimal placement and designing system of 74 𝑘𝑊 offered PV was performed using PVSyst.
b. Electrical load
The electrical consumers in the case study consist of flats, operational equipment
(common lighting, fans, pumps, etc.) and HP.
The electricity consumed by HP was estimated in section 3.2. The electricity consumption
profile of the operational equipment is derived from the measured monthly values available
for the years 2014 and 2015. The high resolution electricity consumption by the flats is
obtained from the stochastic MATLAB model as well [11].
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c. Inverter
The inverter in the TRNSYS model is sized based on Table 14. The component
representing inverter in the model performs as inverter/regulator and accordingly can be
connected to the battery. In this simulation, the efficiency of the inverters is assumed 0.9.
d. Battery
As Ferroamp [80] involves in the EM project, the parametric study is carried out using
the battery parameters close to the specifications of “Smart Integrated Energy Storage”
manufactured by Ferroamp with the capacity of 7.2 𝑘𝑊ℎ per unit. [81]
For this purpose, parametric study of battery sizing is done to illustrate a general overview
of battery capacities and their influences on the system performance. It is to mention that,
in an on grid system, optimal design of the battery storage must be determined through a
techno-economic analysis, which is out of scope of this thesis.
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4 Results
The results of the simulation and study are presented in this chapter. The simulations
were primarily done with TRNSYS while PVSyst and MATLAB were being employed as
complementary to the work.
Building C from demonstration building of EM project was modeled in Type 56 to
estimate the SH demand of the buildings. The estimation of SH demand was a prerequisite
to assess the function of the heat pump model developed for the case study. In continue the
performance of the planned PV installation was tested when heat pump works as an extra
electrical load. In the end, the combination of exhaust ventilation heat pump and PV solar
panel were evaluated along with the impact of various battery sizes on the overall system
profitability. Hence, it can be advantageous if the results are sorted as the sequence of the
work.

Energy demand of SH and DHW
The SH demand of a building depends on many factors as it was discussed in section 3.1.
In other word, this is the boundary conditions of a building that determine the amount of
energy required for SH to fulfill the occupant’s comfort. In contrast, the amount of energy
needed to provide DHW is mainly influenced by the total consumption if we assume the
temperature of cold supply water and delivered hot water are quite fixed along the year.
Figure 14 depicts total SH demand and total energy needed for provision of DHW in
three buildings according to simulation results. As it is shown in Figure 14, in contrast with
variable SH during a year, the estimated energy required for provision of DHW by stochastic
model is fairly constant throughout the year.

Figure 14. Total SH and DHW demand of three buildings

As improving the level of comfort after the renovation is expected, this graph shows the
demand when the comfort level is set in accordance with standard condition (primary
parameters). The SH demand during the summer is due to the days when the ambient
temperature goes below the balanced-temperature and therefore the heating system has to
work to maintain the room set temperature at 21 °𝐶 .
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Electricity demand and PV production
The results presented in this section declare the total electricity demand by three buildings
and PV generation if the renovation plan in energy system occurs. As it was explained in
section 3, electricity consumers in the buildings consist of flats’ consumption and operational
equipment, while the HP consumption would be added to these after the renovation, see
Figure 15.
In Figure 15, PV production is split into direct consumption (PV to load) and sold to the
grid (PV to grid). The results of PV generation reflects the status of PV system without any
battery storage (base case). The calculation is done on an hourly basis using TRNSYS when
PV supplies all three electricity consumers. The share of “PV to load” (direct consumption)
can vary if PV generation is dedicated to only part of the demand.

Figure 15. The electricity demand in demo. Buildings and the electricity production by 74 𝑘𝑊 PV
As it is clear from Figure 15, the flats (daily tenants’ activity) consume a significant share
of the total electricity demand with a relatively constant rate in a year. However, the
electricity consumption of HP is strongly affected by the SH demand and as a result, it
experiences its minimum during the warm season.
The measured electricity consumption by operational equipment is also slightly more
during the cold season than the summer time. Conversely, the PV modules reach the
maximum production during the summer and not very satisfying in short days of winter.
The excess electricity production is sent to the grid when there is not any consumer at the
time. This inconsistency can be adjusted either using appropriate storage or with load
scheduling, particularly during the summer when the generation is relatively significant.
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SF and SC of designed PV for various capacity of battery
As it was mentioned in Chapter 2, the storage can play an important role in minimizing
the injected electricity to the grid and increasing self-consumption. Thus, the system was
examined with different size of a battery, which is expected to be used in the project, to see
the effect of battery size on SF and SC.
Figure 16 depicts the status of performance indicators used in this thesis versus various
storage sized. The calculation is done using TRNSYS and on an hourly basis.

Figure 16. SF and SC of the designed PV vs. different storage sizes
The results of simulation shows that 21 % of total electricity demand during a year can
be supplied by solar panels even without any electrical storage (SF), whereas 74 % of total
yearly production is consumed by the local loads (SC). As it is expected, adding battery
storage and increasing the size of them can improve both SF and SC to some extent up to
25 % and 88 % respectively. As the generated electricity of PV after inverter/regulator is
considered in the calculation of performance indicators, SC cannot reach to 100 % due to
the charging cycle losses. In this simulation, charging efficiency of the batteries is assumed
0.9 and constant, although it typically varies in practice respect to the batteries’ state of
charge.

Total purchased energy
Reduction of energy bought in residential buildings can be an effective solution to meet
the “Energy Efficiency Directive” target. In this respect, the comprehensive European
projects such as EM have been established. Ergo, it is favorable to present how the proposed
Energy system in this thesis could promote energy efficiency in EMDC of Sunnansjö. Figure
17 shows the anticipated energy bought for the intended buildings after the renovation of
energy system and compares it with the existing situation.
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Figure 17. Energy bough in existing condition and after active renovation of energy system
As it was described in section 2.3.1, the current heating system incorporates a pellet boiler
as the main heating supplier and an oil boiler as backup. Here, it is assumed that all the
required energy to supply SH demand and DHW consumption of three buildings simulated
by the described models is covered by pellet boiler. Thus, Figure 17 only shows the equal
energy of pellet consumed regarding the modified assumption for the efficiency of the boiler,
mentioned in Table 11. Then, total energy bought in current configuration consist of
equivalent energy values of consumed pellet plus the electricity used by flats and operational
equipment.
Feasibly, the energy bought after the planned renovation encompasses electricity for HP,
flats and operational equipment accompanied by pellet for the auxiliary system. It is
important to consider that part of the electricity demand after renovation is supplied by PV.
Therefore, the electricity bought during the summer time reduces.
The SH demand and DHW consumption in both cases (existing and updated system) is
acquired from the simulation results considering the standard level of comfort in the
buildings. The results prove that removing old inefficient oil boiler and supplementing the
pellet boilers with the combination of EAHP and PV can mitigate the annual bought energy
by approximately 40 %. This achievement would have not been possible unless renewable
energy sources such as solar energy and heat recovery from ventilation system were used.
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5 Discussion
This section addresses the subjects that were neglected in the main body of this thesis
and bring them up for further discussion. The first part includes a special attention to the
applied procedure in this study and explains how their associated uncertainties could affect
the final results. The second part considers the other findings concluded from this thesis.
I.

Uncertainties

According to Wit et al. [76], every evaluation of building performance suffers from some
source of uncertainties; the source of uncertainties in this study are classified as following;
a. Specification uncertainties;
Lack of information was one of the restrictions in this work that imposed many
assumptions upon the study. Part of the uncertainties observed in this thesis may arise from
incomplete or inaccurate specifications of the input parameters. As various sources have
been used for determining input parameters, each source can somewhat influence the
robustness of the simulation. Figure 18, lists the main source of information used in this
thesis based on their reliabilities. The information acquired from the sources with higher
reliability is more robust, while the sources with lower reliability increases the risk of error.

Figure 18. Reliability of various sources of information reducing from up to down
Apart from type of information sources that determine the quality of input parameters, the
external factors can have considerable effects on the value of input parameters. A good
example is the physical properties of construction materials and their thermal specification;
nevertheless the construction materials in this thesis are mainly extracted from the drawings
and documents (with high reliability in terms of the source classification), moisture content,
temperature, humidity and more importantly age could affect their properties.
On the other hand, since most of the offered products for EMDC are in experimental phase
and has been recently introduced by their manufacturer, having access to the detailed
specification and using them in simulation was impracticable. Thus, the required input
parameters of these products were chosen based on the similar available specifications, e.g.
PV panels, batteries, HP, etc.
b. Modelling uncertainties;
Simplifications and assumptions over the complex and unknown parameters in the model
can be considered as the second reason of the uncertainties; e.g. weather data, simplified
radiation mode and shading model, one window with the total size instead of several
windows in each zone, simplified heat transference model through the slab, stochastic
model, simplified HP model and scaling function, etc.
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No matter how good the model is performed, there is a spontaneous uncertainty in every
simulation software and its computation algorithm that influence the results of the study.
c. Numerical uncertainties;
Errors introduced in integration and calculation of the total SH demand based on the
result of simulation, discretization of operational electricity consumption and their effect on
internal gains, calculation of the monthly fuel consumption in the boiler based on the flu gas
data and feed factor, etc.
d. Scenario uncertainties
This type of uncertainty includes the parameters which are inherently uncertain; e.g.
climatic condition, PV production, occupancy, energy consumption (electricity and DHW),
etc.
II.

Other findings

The first and major achievement of the renovation in the energy system was 40 %
reduction in energy consumption as it was shown in result section, while the level of comfort
in related simulation was set at standard level. Nevertheless, the fact remains that the existing
level of comfort in EMDC has most likely deviated from the standard level after 47 years of
working. Therefore, this energy reduction is fulfilled alongside the enhancement in comfort
level.
The share of solar fraction and PV self-consumption can be further increased if a
sophisticated operational strategy is applied to the system. As an example, it is possible to
run the heat pump with the excess PV generation and store the produced thermal energy
using hot water storage tank or thermal mass of the building. The other innovative yet
influential approach is to utilize the predictive controls of electricity price, PV generation or
energy consumption to not only balance the demand and supply but also increase the
efficiency of the energy system and the share of renewables.
The comparison between the SH demand of the case study (120 𝑘𝑊ℎ/ (𝑚2 ∙ 𝑦𝑒𝑎𝑟)) with
an ideal heating demand of a passive house in similar climate condition (20 𝑊ℎ/ (𝑚2 ∙
𝑦𝑒𝑎𝑟) )[82] reveals that further action is required if it is aimed to make the buildings close to
low energy houses. There is no doubt that this comparison does not mean to reach to the
ideal case, but at least it can be used as an index to realize the necessity of passive renovation
in demonstration buildings. It seems that apart from using EAHP which recaptures a
significant part of the energy consumed for SH, improving the thermal properties of the
windows and adding insulation to the roof and external walls could be an effective solution
to decrease the SH demand and move a step closer to NZEB.
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6 Conclusion and future work
Following the European energy efficiency directive, a reduction in energy consumption
through the renovation of energy system and applying on-site renewable energy source is
possible. This thesis addressed the feasibility of saving in bought energy when an EAHP and
a PV system were applied for a group of Swedish multi-family houses located in Ludvika,
Sunnansjö. The study was conducted using simulation method as it provides a dynamic
evaluation of the system with intended boundary conditions. Moreover, the modelling of
the existing buildings identified a base case for comparison between bought energy before
and after renovation, as the measured evidences were not enough.
The building was modeled using a novel 3dimensional approach to ideally maximize the
accuracy in terms of geometric parameters. However, it was found that the complexity of
the building model could increase the simulation time substantially while it had insignificant
effect on the results. Thus, using detailed 3D model is only recommended if the detailed
radiation/shading calculation is required.
Comparison between SH demand concluded from simulation with estimated value
obtained from monthly fuel consumption revealed a discrepancy in the demand. Regardless
of the possible errors due to the uncertainties in input parameters, this gap could be justified
due to the non-standard air change rate in the existing condition. However, further on-site
and precise measurement is required to strengthen this primary assumption. Furthermore,
since the simulated energy demand after the renovation implies the standard ventilation, an
improvement in comfort level could be considered as an extra achievement of the
renovation.
Simulation of the energy system proved that air heat recovery via EAHP could be an
effective solution to lower the primary energy use of the buildings. The combination of
EAHP with 74 𝑘𝑊 PV could further improve the energy performance of the buildings and
mitigate the annual bought energy approximately 40 percent.
Although the reduction in bought energy acquired with the renovation of active system,
an assessment of the energy demand in the case study showed that a passive renovation in
the buildings envelope could be a promising solution for further energy saving. However,
the question remains that what level of passive renovation could be both financially and
economically profitable (in this case study) considering the extra investment cost of
insulation compare to the reduction in energy cost? The response could be achieved through
a parametric study of the buildings’ model with respect to the cost and saving analysis in the
future work.
Moreover, modification of the operational strategy and adding predictive controller to the
model is expected as the next step in future work that could boost the efficiency of the
system and reduce the working hours of the auxiliary pellet boiler. In addition, optimal
placement of the PV modules could be revised with respect to the total electricity load profile
in order to find a better coverage of the consumption.
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Appendices
Appendix 1:
Table includes materials and their specifications as they were used in the model.
CONDUCTIVITY

CAPACITY

DENSITY

𝑘𝐽/(ℎ ∙ 𝑚 ∙ °𝐾)

𝑘𝐽/(𝑘𝑔 ∙ °𝐾)

𝑘𝑔/𝑚3

Brick Facade

2.52

0.84

1700

Mineral Wool

0.14

1

30

Concrete

6.12

0.92

2300

Lightweight Concrete

1.76

1

1000

Wooden Wool

0.33

0.025

400

Fiber Board

0.5

2.3

600

Asphalt Board

0.234

1.17

400

Plaster Board

0.8

1.09

900

Floor Material

0.29

1.4

769

Particle Board

0.5

2.3

600

Cellular Plastic

0.14

1.4

20

Vapor Barrier

0.45

1.9

925

Sand & Gravel

2.52

1

1800

Slab Concrete

4.068

1

1400

13

0.79

2600

2.34

0.88

1800

Trapezoidal Metal Roof

RESISTANCE

0.0002

Massless Layer

Horizontal air gap

RESISTANCE

0.047

Massless Layer

Perpendicular air gap

RESISTANCE

0.047

Massless Layer

LAYER

Drainage Gravel
Plaster
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