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(120 credits) in Energy-efficient and Environmental Buildings. 

AFRY 

AFRY is one of the biggest companies in their sector in the Nordic region, and a global actor 

with almost 17,000 employees with offices in 50 countries and projects in 100 countries, with 

an annual revenue of about SEK 20 billion. The main focus of AFRY is to find the sustainable 

solutions and making future [1]. 
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Abstract 

Increasing CO₂ emission is considered as the main reason for global warming in the world. 

One of the reasons for producing CO₂ is using of fossil-based materials in the construction 

projects. This study intends to assess the using bio-based materials instead of fossil-based 

materials for the thermal insulation layer of the external walls and roofs. Another focus of this 

project is using green concrete instead of normal concrete to save at least 30 % CO₂ emission 

for the foundation. The next objective of this project is applying the rectangular pre-insulated 

air ducting system instead of the normal steel galvanised spiral ducting system to improve the 

environmental impact of the HVAC system. 

The study is based on a residential building having a timber structure and using concrete 

elements for the ground floor and foundation. The built area is 3572 m² in 7 floors and the 

project is located in Karlskrona, Sweden. 

This study was performed in different sequenced steps of the quantities survey, selection of 

the materials, energy analysis, environmental assessment, economic analysis and future 

climate analysis. Selection of the materials was conducted based on the mechanical and 

technical properties that are matched with the BBR 26 and design’s requirements. Based on 

the selected materials, 30 scenarios were defined and the energy simulation was performed 

by IDA ICE for each scenario separately. After that, the primary energy need of the project 

was calculated based on BBR 26 for each scenario. To investigate the environmental impacts, 

the Life Cycle Assessment (LCA) was performed by OpenLCA and excel files. The next step 

was assessing the economical aspect by the Life Cycle Costing (LCC) method. Then, by 

applying the Single-Point Rate (SPR) calculation, the best scenario was selected regarding 

the integration of primary energy number (EPpet), LCA and LCC. Finally, the future climate 

analysis was carried out for the selected scenario to investigate the reliability of the selected 

scenario based on the future weather condition between 2070 and 2099. 

According to the results, the scenario which includes the bio-based material (wood fiber) for 

the insulation, green concrete for the foundation and rectangular pre-insulated duct for the air 

duct system was selected as the optimum scenario. This result was based on the equal 

weighting factor for the EPpet, LCA and LCC. In fact, this scenario demonstrated almost 15 

% lower environmental impact than the scenario which is used fossil-based materials such as 

glass or mineral wool. On the other hand, if the economical aspect of the project is more 

important than the environmental aspect, the scenario with the fossil-based materials should 

be applied. The future climate analysis illustrated that the heating energy demand of project 

will be decreased during the next 50 years, while the cooling energy demand will be increased 

twice. Therefore, the suitable infrastructure is expected for this project to be able to support 

the cooling energy demand of the building in the future. Also, the CO₂ emission due to energy 

use of the project is almost 14 % higher from 2070 to 2099. It is basically, because of 

increasing the cooling energy demand in this time period. 
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Nomenclature 

 

Abbreviation               Description 

AHU 

A-Plan 

ASHRAE 

Atemp 

BBR 

BOQ 

BPS 

CL 

CLT 

COP 

CO2 

DHW 

ECY 

Ef 

Ekyl 

Air handling unit 

Architectural plan 

American Society of Heating, Refrigeration, and Air-Conditioning Engineers 

Heated area 

Boverket´s building regulations “Swedish Regulations for building works” 

Bill of quantity 

Building performance simulation 

Cellulose 

Cross-laminated timber 

Coefficient of performance 

Carbon dioxide 

Domestic hot water 

Extreme cold year 

Property energy 

Energy for air conditioning 

EPD 

EPpet 

Etvv 

EU 

Euppv 

EWY 

Fgeo 

GW 

GWP 

GSHP 

HVAC 

IDA ICE 

Environmental product declaration 

Primary energy number 

Energy for hot tap water 

Europe Union 

Energy for space heating 

Extreme warm year 

Geographical adjustment factor 

Glass wool 

Global warming potential 

Ground source heat pump 

Heating, ventilation and air conditioning 

IDA-Indoor climate and energy 

LCA Life cycle assessment 

LCC Life cycle cost 



V 

 

Mtoe 

MW 

NPV 

NRC 

NSC 

nZEB 

PEi 

PPM 

PRD 

QS 

RCMs 

RH 

RHcrit 

SDGs 

SFP 

SGC 

SMACNA 

SPD 

Millions of tonnes of oil equivalent 

Mineral wool 

Net present value 

Normal Romanian concrete 

Normal Swedish Concrete 

Net zero energy buildings 

Primary energy factor 

Parts per million 

Pre-insulated rectangular duct 

Quantity survey 

Regional climate models 

Relative humidity 

Critical relative humidity 

United Nation’s Sustainable Development Goals 

Specific fan power 

Swedish green concrete 

Sheet metal and air conditioning contractor’s national association 

Spiral duct + closed-cell elastomeric foam insulation 

SPR 

TDY 

UN 

U/P 

WF 

WUFI 

XPS 

Single-point rate 

Typical downscaled year 

United Nation 

Unit price 

Wood fibre 

Wärme Und Feuchte Instationär– "heat and moisture transiency" 

Extruded polystyrene 
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Quantities and units 

Sign Description 

° Degrees 

ρ Density [kg/m³] 

λ Thermal conductivity [W/mK] 

ΔT Temperature difference [K] 

ΔU Difference in thermal conductance [W/m²K] 

g-value Solar energy transmittance [%] 

K Kelvin 

°C Degree Celsius 

SEK Swedish krona 

kWh Kilowatt-hour 

kg 

kgCo2eq 

Kilogram 

Carbon dioxide equivalent in kilogram 

Pa Pascal  

h Hour  

U-value Thermal conductance [W/m²K] 

λ -value Thermal conductivity [W/mK] 

W Watt 

km Kilometre 

m meter 

m2 Squared meter 

m³ Cubic metre 
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1 Introduction  

Nowadays, all nations aim for reducing green gas emission, primary energy used, and 

depletion of natural resources that currently are the foremost mother earth’s challenges since 

all of them are complex and cross-cutting issues.  

Reference to the United Nation’s Sustainable Development Goals (SDGs) and Paris 

Agreement commitment shows that construction and real estate have been substantial to the 

debates on sustainable development [2]. According to 2030 UN Agenda for Sustainable 

Development, construction and real estate industry could participate dramatically to achieve 

those ambitious SDGs by 2030, particularly at several goals. Specifically on goal 11 

Sustainable Cities and Communities, goal 12  Responsible Consumption and Production, and 

goal 13  Climate Action [3-4]. Regarding to the Paris Agreement marked a turning point in 

the call to tackle global warming potential. Seizing on that momentum, swift deployment of 

energy-efficient and low-carbon emission solutions for the construction and real estate sector 

can assistance put the world on a sustainable path [5]. 

As per the global perspectives,  the construction and real estate sector recorded around 36% 

of global final energy use and 39% of energy-related carbon dioxide (CO2) emissions when 

upstream power generation was included on 2019 [6]. In addition, it is predicted that building 

stock will reach a double amount area by 2060 to be able to take in the future expected  

population of ten billion capita while two thirds of this population will be residence in cities 

[7]. In other words, by 2060 buildings sector’s built area will double, adding more than 

2.3E14 m2 to the planet in new buildings construction besides that the construction processes 

generate around 3.73E09 metric tons of carbon dioxide (CO2) emissions annually [5]. A 

further concern is the accumulating of carbon dioxide emissions for the next 30 years’ life 

span reaching till 2050 that related to the building materials embodied carbon dioxide 

emissions will be roughly equivalent to the operational energy of the buildings carbon dioxide 

(CO2) emissions that proofs the importance of considering in reducing embodied carbon 

emissions in construction material as a pressing issue. Therefore, new building stock must be 

designed to comply with zero-net-carbon standards to meet SDGs and Paris Agreement 

commitment. 

The situation in Europe is not better than the rest of the world, whereas on 2019 the European 

construction and real estate field was responsible for about 40% of energy used and 36% of 

carbon dioxide (CO2) emissions [8]. Accordingly, the 2030 climate and energy framework in 

European commission includes EU-wide ambitious targets and policy objectives for the 

period from 2021 to 2030 in three focal targets firstly, a binding target to cut greenhouse gas 

emissions in the EU by at least 40% below 1990 levels by 2030. Secondly, a compulsory 

renewable energy target for the EU for 2030 of at least minimum 32% of total final energy 

consumption in Europe. Finally, a headline target of at least 32.5% for energy efficiency to 

be achieved collectively by the EU in 2030. In absolute terms, this means that European 

energy consumption should not exceed 1273 Mtoe (million tonnes of equivalent) of primary 

energy and/or no more than 956 Mtoe of final total energy used [9-10]. Consequently, 
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European construction and real estate sector has to fulfil with carbon-neutral emissions norms 

in the main two aspects materials and energy use in the buildings to achieve climate and 

energy framework's targets by 2030. 

Last decades climate change adaptation importance escalated extremely in various aspects of 

life and pursuing the advances in computing future climatic condition, that led to the wide 

availability of future climate data sets which could predict the probable impacts of climate 

change [11]. Whereas the Impact of climate change is playing a major role in building’s design 

that trigger the academic researchers to do more effort in this field. However, forecasting for 

climate change adaptation is complex since it is not easy to foresee the expected degree of 

warming and the step of changes [12]. This momentum led to a tremendous number of 

academic researchers in different construction and real estate industry aspects. Nevertheless, 

this study focuses on evaluating the future climate impacts in terms of building energy use 

and the building components performance beside the carbon dioxide (CO2) emissions of 

power generation as was shown in many academic works [13-17]. 

This report assesses the environmental and economic impacts and fluctuation of primary 

energy use due to employ combination of selective construction materials in new construction 

located in Karlskrona, Sweden as it is shown by Figure 1. The construction materials were 

aimed to be assessed were the thermal insulation of building’s envelope, the ready-mix 

concrete for building’s foundation and air ducting systems. Moreover, in light of future 

climate analysis, building energy simulation was conducted for the optimum materials 

combination which has minimum values of carbon dioxide (CO2) emissions and costs based 

on files represented climate predictions of the last three decades for current century (2070-

2099). The method for synthesizing future climate predictions into a typical downscaled year 

(TDY), extreme cold year (ECY) and extreme warm year (EWY) that was provided by Nik 

[11] was employed and resulted in a total of three climate files for Karlskrona, Sweden. 

 

 
Figure 1: Geographical locations of the case study 
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1.1 Objectives 

In this project, 3 building materials comprised of thermal insulation for the exterior walls and 

roofs, ready-mix concrete for the foundation and air ducting system were assessed. 24 

scenarios were created based on the permutations of different material. 

Another objective was to improve the selected scenario to achieve a Zero-CO₂ emission 

construction. It means that in total, there were 30 scenarios in this study. 

The last objective of this study was to carry out the future climate analysis based on the 

extreme climate data from 2070 to 2099 to make sure that the project will be feasible and 

functional in terms of primary energy use, environmental impacts and the costs. 

 

1.2 Research Questions 

Based on the objectives the main research questions in this work are: 

• Which bio-based material is suitable to achieve the goal of the project in terms of 

Zero-CO₂ emission for the building thermal insulation? The aim is to compare 2 

fossil-based insulations to 2 bio-based insulations. 

• Which types of concrete is suitable to decrease the environmental impacts of the 

project? The green ready-mix concrete needs to be compared with the normal ready-

mix concrete. 

• Which type of duct performs better in terms of LCA, LCC and energy use? A 

rectangular pre-insulated duct is assessed to show the differences with the normal 

steel galvanized spiral duct. 

• What are the effects of selected materials on the primary energy use of the building 

based on BBR26? Do they all meet the BBR requirements? 

• What are the environmental impacts of each scenario in terms of Global Warming 

Potential (GWP) category? Based on the client’s requirement, GWP is selected as the 

environmental impact category. 

• Which scenario is the best in terms of integration of LCA, LCC and Primary Energy 

Use? The Single-point Rate (SPR) calculation needs to be performed with different 

weighting factors. 

• What is the performance of the optimum scenario based on future climate data in 

terms of Energy performance and environmental impacts? The future climate analysis 

needs to conducted based on EWY, ECY and TDY. 
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1.3 Workflow 

The workflow in the present study is as demonstrated in Figure 2. It starts with a literature 

review to know the latest research and achievements about the environmental impacts of the 

materials and methods of LCA. The data collection phase was performed by investigating the 

architectural plans, structural plans and HVAC plans. Moreover, there are other descriptions 

about the project that were provided by the responsible company to add to the data collection 

phase.  

Different construction materials were chosen in the scenarios definition phase and the EPDs 

(Environmental Product Declarations) of selected materials were investigated in parallel. The 

energy analysis was performed by IDA ICE and then, the results from IDA ICE were imported 

to an excel file to calculate the primary energy use of the building based on BBR26. OpenLCA 

was used to obtain the environmental impacts of each scenario, regarding transportation and 

energy use. Also, for one of the materials, the EPD was produced by OpenLCA. To find the 

economical aspect of the scenarios, the LCC (Life Cycle Cost) calculation was performed by 

using an excel sheet based on net present value approach (NPV). The assessment and 

comparison phase were carried out to find the best scenarios in terms of integration LCA, 

LCC and primary energy use. The SPR calculation was accomplished in this phase. Finally, 

future climate analysis was fulfilled regarding future climate data set. The extreme climate 

data was applied for the future climate analysis and the best scenario which was selected in 

the previous phase was assessed. 
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Figure 2: Graphical abstract of project process 
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1.4 Limitations 

The study is investigating a residential building as it was applied in a real project. This project 

is carried out by a company which is named AFRY in Malmö as project manager in 

conjunction with many engineering services firms as the design team. All conclusions drawn 

in this report are based on the findings of the case study.  

The building performance as well as energy use, LCA and LCC of the case study were 

validated based on the data provided by the companies, building owners and supplementary 

data from academic studies. Conclusions may not be applicable to other cities and buildings 

with different applications as the study was performed for a residential project located in 

Karlskrona.  

The assumptions were considered based on the realistic values to be useful for the client and 

company to be used later. Due to lack of IDA ICE weather data for Karlskrona, the weather 

data of the closest city was used, which is Ronneby-Kallinge in 30 km distance. In addition, 

the factory of the ready-mix concrete should be close (Maximum 45 minutes) to the project 

site to avoid degradation of the concrete at the truck mixer, while there was no EPD from the 

factories which were close to the project site. Therefore, the ready-mix concrete factories were 

selected among the factories in EPD database. It was assumed that the transportation distance 

from the concrete factory to the project site is 45 minutes (almost 60 km with a speed of 80 

km/h). 
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2 Methodology 

The following chapter gives an overview of the methodology that was developed in order to 

tackle the study. The chapter is divided into seven sections, starting with the general 

information about the project. Secondly, the materials and scenarios which were used in this 

study are introduced. Thirdly, the Energy Analysis section provides an explanation of the 

methods and energy simulation software. Also, important input parameters are disclosed in 

this section. In the fourth and fifth sections, LCA inputs, LCC inputs and assumptions are 

explained respectively. Section 6, explains the methods that the results of LCA, LCC and 

primary energy use were integrated. Finally, in the section 7, the method of future climate 

analysis is expressed. 

The study is based on a case study that includes one building block among three building 

blocks of a residential building as it was applied in a real project. Regarding the time 

limitation, just one of these blocks was selected and the results can be correlated for other two 

blocks. The bigger building block was selected as the case study and basically, because the 

weather data, the location, the materials, function and the structure are the same. In addition, 

the main logic and procedure of the designing structures, HVAC systems and architectural 

aspects are the same for all these blocks. 

2.1 Project’s information 

Kilström's project is located in Karlskrona. It consists of three residential building blocks, a 

restaurant and a garage. This thesis refers to Block A, which is shown in figure 3. Block A 

consists of 7 floors with a built area of 3572 m2. The ground floor comprises residential 

apartments, stores and a technical room. It is attached to an unheated garage. The remaining 

floors are residential apartments. 

 

Figure 3: 3D model of the project 
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2.2 Materials and Scenarios 

To conduct the project, four types of thermal insulation, three types of ready-mix concrete 

and 2 types of air ducting system were considered to provide different scenarios with the 

permutations and combinations of them. 

 

2.2.1 Ready-mix concrete selection 

To select the ready-mix concrete, the structural plans were investigated to find the properties 

of the concrete for the foundation which the building was designed based on. Table 1, 

illustrates the properties of the ready-mix concrete for this project. 

 
Table 1: Mechanical properties of the ready-mix concrete 

Exposure Class Compressive Strength Class Water to Cement Ratio  

XD2 C30/37 < 0.5 

 

Based on table 1, three types of ready-mix concrete were selected. All of them have a verified 

EPD during the next 5 years. Table 2, shows the properties of the different types of ready-mix 

concrete that were employed in this study. The green concrete brings the lower CO₂ emission 

impact and it was chosen to show the difference of environmental impacts of the green 

concrete in comparison with the normal concrete. 

 
Table 2: Employed ready-mix concrete characteristics in this study 

Type of concrete Compressive 

Strength class  

Density /  

(kg/m3) 

Water to 

Cement Ratio 

Normal Swedish Concrete (NSC) C30/37 2394 < 0.5 

Normal Romanian Concrete (NRC) C30/37 2300 < 0.5 

Swedish Green Concrete (SGC) C32/40 2412 < 0.5 

 

2.2.2 Thermal insulation selection 

Four different thermal insulations were selected to conduct into the project. Based on the BBR 

26, the average of the U-value of the building should not exceed 0.4 W/m²K and the thermal 

insulations were selected based on this criterion. Two of them were bio-based with the 

negative CO₂ emission impact to make a comparison with two others that are fossil-based 

with positive CO₂ emission impact. The external walls and the roofs are considered for this 

evaluation. Table 3, lists the properties of thermal insulations that were applied in this study. 
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Table 3: Employed thermal insulations properties in this study 

Type of thermal insulation 
λ-Value / 

(W/(m⋅K)) 

Density /  

(kg/m3) 

Glass wool (GW) 0.035 20 

Mineral Wool (MW) 0.035 23 

Wood Fiber (WF) 0.044 165 

Cellulose (CL) 0.039 50 

 

Due to using bio-based insulation the moisture risk should be assessed. To do the numerical 

analysis for calculating the relative humidity (RH) and temperature (T) for each layers of the 

wall, WUFI was used. In the next step, VTT model [18] was applied to use the critical relative 

humidity (RHcrit) to assess the mould growth index and the risk of mould [14-15]. This 

assessment was performed by MATLAB.  

The results for Mineral wool, Wood fiber and Cellulose shows that the mould growth indexes 

were close together and all of them are within the safe margin. It means that there is no risk 

due to using bio-based insulation rather than fossil-based insulation in case of applying a 

suitable vapor retarder. The more information and graphs about the mould growth index and 

hygrothermal performance are in the appendix 6.4 of this report. 

 

2.2.3 Duct selection 

Regarding the HVAC plans, each apartment has a dedicated Air Handling Unit (AHU) and 

each one connected to the four duct systems comprised of supply air, exhaust air, fresh air 

and return air. Based on the HVAC plans, the type of duct which was employed for four duct 

systems is the same with different sizes and insulation thickness. In this case, the selected 

duct’s types were investigated for all the duct systems in this project. In addition, two different 

shapes of the duct consist of rectangular pre-insulated duct and spiral duct were assumed with 

the same pressure losses and air velocities as 1.2 Pa/m and 2.5-3.5 m/s respectively based on 

ASHREA 55 and SMACNA [20] [21]. The differences are in the λ-Value and duct surface 

area. Table 4, shows two types of the duct used for this study. 

Table 4: Employed ducts in this study 

Type of duct 
λ-Value / 

(W/(m⋅K)) 

Pre-insulated rectangular duct (PRD) 0.021 

Spiral duct + closed-cell elastomeric foam insulation (SPD) 0.040 
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2.2.4 Scenarios 

Permutations and combinations of the selected materials were performed to generate different 

scenarios for this study. For all scenarios, energy analysis, LCA and LCC were carried out 

separately. There were 24 scenarios in the first step of this study that are listed in table 5. In 

the next step, 6 more scenarios will be added to investigate the improved scenarios. 

 

Table 5: Proposed scenarios 

Scenario  Insulation Duct Type Concrete Type 

Scenario 01 GW PRD SGC 
Scenario 02 MW PRD SGC 
Scenario 03 WF PRD SGC 
Scenario 04 CL PRD SGC 
Scenario 05 GW SPD SGC 
Scenario 06 MW SPD SGC 
Scenario 07 WF SPD SGC 
Scenario 08 CL SPD SGC 
Scenario 09 GW PRD NRC 
Scenario 10 MW PRD NRC 
Scenario 11 WF PRD NRC 
Scenario 12 CL PRD NRC 
Scenario 13 GW SPD NRC 
Scenario 14 MW SPD NRC 
Scenario 15 WF SPD NRC 
Scenario 16 CL SPD NRC 
Scenario 17 GW PRD SGC 
Scenario 18 MW PRD SGC 
Scenario 19 WF PRD SGC 
Scenario 20 CL PRD SGC 
Scenario 21 GW SPD SGC 
Scenario 22 MW SPD SGC 
Scenario 23 WF SPD SGC 
Scenario 24 CL SPD SGC 

2.3 Energy Analysis 

The energy analysis was conducted in 2 steps. First, the energy simulation was carried out to 

determine the annual energy need for each energy type including space heating, cooling, 

domestic hot water (DHW) and facility energy. Then, the primary energy calculation was 

performed to check the energy use of the building based on BBR 26 [22]. These steps were 

carried out for all the scenarios separately. 
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2.3.1 Energy simulation 

The energy simulation was performed by IDA ICE 4.8. First of all, the 3D energy model was 

built based on the interior dimensions of the building. Figure 4, shows the 3D energy model 

which was produced by IDA ICE. 

 

Figure 4: 3D Energy model in IDA ICE 

Then, the construction of the external walls, internal walls, roofs, ceilings, ground floor, 

windows and doors were defined for the simulation software. Table 6, illustrates the 

construction properties of the base case of the building. The base case means the current 

design of the building which was performed by the responsible company. 
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Table 6: Construction properties 

Element 
Thickness and material / 

mm 

λ – Value /  

(W/(m⋅K)) 

U – Value /  

(W/(m2 ⋅K)) 
Remark 

Ground floor slab 

200 Concrete 

300 XPS 

150 Macadam 

1.7 

0.035 

1.3 

0.08 

The ground 

resistance is 

included 

Balcony floor 270 Concrete 1.7 3.04 Based on A-plan 

Internal floor 

(Ceiling) 

85 CLT 

200 air gap 

200 CLT 

0.13 

0.17 

0.13 

0.28 Based on A-plan 

Roof 
300 Insulation 

200 CLT 

0.035 

0.13 
0.1 Based on A-plan 

Roof of stores 
260 Insulation 

320 Concrete 

0.035 

1.7 
0.13 Based on A-plan 

Inclined roof 
200 Insulation 

140 CLT 

0.035 

0.13 
0.14 Based on A-plan 

Balcony Roof 
100 Insulation 

100 CLT 

0.035 

0.13 
0.26 Based on A-plan 

Internal wall 

(CLT) 

95 Insulation 

140 CLT 

0.035 

0.13 
0.25 Based on A-plan 

Internal wall 

(Between two 

apartment) 

200 Concrete 1.7 3.47 Based on A-plan 

Internal wall 

(Shared with the 

garage) 

95 Insulation 

200 Concrete 

0.035 

1.7 
0.33 Based on A-plan 

External wall 

(CLT) 

140 CLT 

200 Insulation 

0.13 

0.035 
0.14 Based on A-plan 

External wall 

(Concrete) 

150 Concrete 

200 Insulation 

1.7 

0.035 
0.17 Based on A-plan 

External wall for 

stores 
250 Concrete 1.7 3.15 Based on A-plan 

Window - - 0.9 g-value: 0.55 

Widow doors - - 0.9 g-value: 0.55 

Furthermore, to calculate the annual energy use the internal loads have to be defined for the 

software. All the assumptions in the energy analysis phase were based on BEN 2 and BSRIA 

standards [23]. The assumed internal loads for each zone are demonstrated by table 7. 
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Table 7: Internal loads for each zone 

Type of zones Lighting Occupants Equipment 

Residential zone 

5 W/m2 

00:00-06:00 - 30% 

06:00-18:00 - 50 % 

18:00-24:00 - 100 % 

0.022 person/m2 

Occupied schedule: 

17:00-07:00 

 

10 W/m2 

 

Stair case 

8 W/m2 

4000 h/year (Entrance) 

1300 h/year (Others) 

Unoccupied 0 W/m2 

Technical Room  
4 W/m2 

300 h/year 
Unoccupied 20 W/m2 

Store 
4 W/m2 

300 h/year 
Unoccupied 0 W/m2 

Balcony & Garage Unconditioned zone 

To include the effects of HVAC system the set-points need to be determined for the zones. 

Table 8, lists the set-points that were employed for this study. 

Table 8: Set-points 

Type of 

zones 

1Heating Set-points 

Temperature / 

°C 

1Cooling Set-points 

Temperature / 

°C 

Air Flow 

Relative 

Humidity 

/ 

% 

Level of 

CO₂ / 

PPM 

Residential 

zone 

21℃ 

 

(Based on BEN 2) 

24 ℃ 

 

ASHRAE 55 

0.35 l/s⋅m2 and 7 

l/s⋅person, Basic air 

flow 

0.7 l/s⋅m2, force 

ventilation, Summer 

time (mid-April till 

mid-September) 

(Continuously air 

flow, Based on 

HVAC-consultant) 

40-60 400-1000 

Stair case 

18 ℃ 

(Based on HVAC-

consultant) 

26 ℃ 

 

ASHRAE 55 

0.35 l/s⋅m2 , Basic air 

flow (Continuously 

air flow, Based on 

HVAC-consultant) 

40-60 400-1000 

Technical 

Room 

18 ℃ 

(Based on HVAC-

consultant) 

26 ℃ 

 

ASHRAE 55 

0.35 l/s⋅m2, Basic air 

flow (Continuously 

air flow, Based on 

HVAC-consultant) 

40-60 400-1000 

Store 

18 ℃ 

(Based on HVAC-

consultant) 

26 ℃ 

 

ASHRAE 55 

0.35 l/s⋅m2, Basic air 

flow (Continuously 

air flow, Based on 

HVAC-consultant) 

40-60 400-1000 

Balcony & 

Garage 

Unconditioned (Un-heated) 

 
1 Thermostat dead band temperatures = ± 2 °C 
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In fact, the heating energy demand was covered by the ground source heat pump (GSHP). The 

cooling energy demand was achieved with the same boreholes and water pump to circulate 

the cold water from the ground to the technical room. Therefore, this project used the free 

cooling energy. Table 9, shows the details and principle of HVAC systems were applied in 

this project. 

Table 9: HVAC systems details 

Heating 

Principle 

The GSHP was employed as the heating energy source using 17 boreholes. 

The under-floor heating was applied as space heating of the inside of the 

apartment (except bathrooms) and the radiator was used for other places. 

90% of the heating demand was covered by GSHP and 10% of that was covered 

by the electrical boiler. 

The COP of GSHP is 4.13 for space heating and DHW. As the safety factor, the 

COP is assumed 3.5 in the simulation. 

Distribution losses are assumed 4% of space heating energy demand. Average hot 

water use as Domestic Hot Water (DHW) is 75 L/day⋅Person. 

Cooling 

Principle 

The cooling was achieved via air treatment. 

The same water pump which was used for the water circulation of the boreholes 

was employed for the cooling as well. 

The project used free cooling energy for cooling demand. 

The energy consumption of the pump is 1 kWh/m² for heating and cooling and it 

works 100% of the time. 

Ventilation Each apartment had an individual AHU with rotatory heat exchanger and an 

efficiency of 83% for air heat recovery. 

The SFP of the ventilation system was 1.5 kW/m³/s. 

The supply air temperature was 20 °C (when the ambient temperature degree was 

minus) and 18 °C (when the ambient temperature degree is higher than zero). 

Air Ducts losses were assumed as 4 kWh/m²⋅ year. 

In addition, there were other assumptions and considerations for energy simulation that are 

listed in table 10. 

Table 10: Other assumptions and considerations for energy simulation 

Elevator The energy use was 50 kWh/apartment per year for each elevator to work. 

For the lightening of elevators, the energy use was 330 kWh/elevator per 

year. 

There were two elevators in this building. 

Lighting of outside 

area of the building 

The electricity use for each building entrance was assumed 20 W and it 

was turned on for 4000 h/year. 

Thermal bridge 25% of heat transmission loss 

Infiltration 0.3 l/s⋅m² at pressure 50 Pa 
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2.3.2 Primary energy number (EPpet) calculation 

To assess the energy use of the building, the primary energy use of the building was calculated 

based on BBR 26 [22]. According to BBR 26, the free energies such as free cooling or free 

heating do not need to take into account of primary energy calculation. Also, there were some 

requirements to be considered which are demonstrated in table 11. 

Table 11: BBR requirements for this project 

Geographical adjustment factor, Fgeo 0.9 BBR 26, Table 9:2c 

Primary energy factor, PEi 1.6 BBR 26, Table 9:2b 

Average of U-Value / (W/(m2 ⋅K)) 0.4 BBR 26, Table 9:2a 

Primary energy number, EPpet 

/ (kWh/(m2
Atemp ⋅ year)) 

85 
BBR 26, Table 9:2a 

Installed electric input for heating /kW 90.55 BBR 26, Table 9:2a 

4.5 +1.7 ⋅ (Fgeo – 1) + (0.025 + 0.02(Fgeo -1)) 

⋅ (Atemp – 130) 

Atemp  /m2 3572 The area enclosed by the inside of the 

building envelope of all stories including 

cellars and attics for temperature-controlled 

spaces are intended to be heated to more than 

10°C. 

  

The primary energy use was calculated by the formula 1, based on BBR 26. 

𝐸𝑃𝑝𝑒𝑡 =
∑ (

Euppv,i

𝐹𝑔𝑒𝑜
+𝐸𝑘𝑦𝑙,𝑖+𝐸𝑡𝑣𝑣,𝑖+𝐸𝑓,𝑖)

6
𝑖=1

𝐴𝑡𝑒𝑚𝑝
                        kWh/(m2

Atemp ⋅ year) (1)

 

Atemp Air-conditioned area    

Euppv Energy for space heating, 

kWh/(m2
Atemp ⋅ year) 

Ekyl Energy for cooling,  

kWh/(m2
Atemp ⋅ year) 

Etvv Energy for hot tap water, 

kWh/(m2
Atemp ⋅ year) 

Ef Property energy,  

kWh/(m2
Atemp ⋅ year) 

PE Primary energy factor Fgeo Geographical adjustment factor 

 

2.4 Life Cycle Assessment (LCA) 

The LCA was carried out based on sustainability of construction works standards EN 15804 

/ EN 15978 and EU-Model for Life Cycle Assessment of Building [24]. First, the quantity 

survey (QS) was conducted to calculate the amount of materials that were used in the project. 

After that, the EPDs were investigated to know the values of the environmental impacts of 

each material. Finally, the environmental impact calculations were accomplished by using 

OpenLCA and an excel file. This process was carried out for each scenario individually. 
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2.4.1 Quantity Survey 

The quantity survey (QS) was conducted for the ready-mix concrete in the foundation, the 

ducts and the thermal insulation of the external walls and roofs. Actually, in this project, there 

are two types of concrete which were used. First, is the ready-mix concrete which was utilized 

for the foundation and footings of the load-bearing elements. Second, was the prefabricated 

slab which was used for the walls, ceilings and ground floor.  

The QS for the concrete was conducted for the ready-mixed concrete of the foundation and 

footings based on the structural plans. Moreover, the architectural plans were investigated to 

calculate the amount of thermal insulations for the extremal walls and roofs. The insulation 

of the internal walls was not considered in this study because they were mostly used as 

acoustic insulation. The insulation of the foundation was XPS and the type of that was 

different from the insulation of the external walls. To conduct the QS for the ducts the HVAC 

plans were surveyed and all the ducts and their insulation materials in this project were taken 

into the account. 

2.4.2 Environmental product declaration (EPD) 

For all the materials except the spiral duct, the EPDs were downloaded from the confirmed 

databases [25-33]. To produce the EPD for the spiral duct, two steps were considered. First, 

the environmental impact of producing the hot-rolled galvanize coil from the raw material 

was calculated by OpenLCA. Then, the electrical energy use of galvanize coil fabrication to 

the duct was added to the calculation. The amount of needed electricity use of fabrication of 

galvanize coil to the duct shape was assumed based on the document from a duct producing 

company which is name Lindab [34]. 

2.4.3 Environmental impacts calculations 

Regarding the requirements of the client the Global Warming Potential (GWP) was 

considered as the environmental impact category for this project. Consistent with that, the 

CO₂ emission of each material was extracted from the EPDs to use for the later calculations. 

It belonged to modules A1-A3 as the stages of the environmental impact. Also, module A4 

was included in the calculations to find the CO₂ emission due to the transportation of the 

material from the factory to the project site. Table 12, shows the travel distance of each factory 

to the project’s site. 
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Table 12: Travel distance between the factories and the project's site 

Material 
Travel distance / 

km 
Country of origin 

Glass wool insulation  224 Sweden 

Mineral wool insulation 1717 Sweden 

Wood fibre insulation 1390 Germany 

Cellulose insulation 309 Belgium 

Normal Swedish Concrete 60 Sweden 

Normal Romanian Concrete 60 Romania 

Swedish Green Concrete 60 Sweden 

Pre-insulated rectangular Duct 1735 Italy 

Galvanized steel spiral Duct  540 Sweden 

Spiral duct insulation 854 Germany 

In addition, the CO₂ emission due to operation energy (module B) of the building for 50-

year building life span was calculated by OpenLCA. Table 13, illustrates the assumptions 

were employed during the environmental impact calculation by OpenLCA. 

Table 13: Assumptions and considerations for the environmental impacts calculation by OpenLCA 

Provider for Electricity Electricity mix, consumption mix, at consumer, AC. 230V, SE 

Provider for 

Transportation 

Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total weight, 17.3 t max 

payload - RER 

Impact Assessment 

Method 

CML 2 baseline 2000 

Normalization and 

Weighting Set 

West Europe, 1995 - CML 2 baseline 2000 

Calculation Type Quick Results 

Functional Unit Cubic metre (m³) 

Life Span 50 years 

2.5 Life Cycle Costing (LCC) 

To perform the economic analysis of the scenarios, LCC calculations were carried out. There 

were two main costs that were considered in this study. First, was the initial cost and second 

was the running costs. The initial costs comprised of the costs for the purchasing raw 

materials, transportation costs, labour costs and installation costs. The running costs retained 

the cost for the maintenance and energy use costs. Table 14, illustrates the unit prices that 

were employed in this study. It is also worth mentioning that the unit prices were achieved by 

the inquiries from the suppliers and extracting from sektionsfakta sources [35]. 
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Table 14: Proposed material unit prices 

Material  Unit 
Unit Price / 

SEK 

Glass wool insulation m³ 552 

Mineral wool insulation  m³ 924 

Wood fibre insulation m³ 1687 

Cellulose insulation m³ 911 

Normal Swedish Concrete   m³ 2513 

Normal Romanian Concrete  m³ 2061 

Swedish Green Concrete m³ 3091 

Pre-insulated rectangular duct m² 132 

Steel galvanized spiral duct m² 399 

Insulation of spiral duct m² 396 

Electricity price kWh 1.2 

The costs for the labour and installation were considered as 3 % of the material prices. Also, 

the costs for the repairs and maintenances were assumed as 2 % of the material prices. To 

perform the LCC analysis the Net Present Value (NPV) were calculated for each scenario 

based on formula 2 [36]. This formula is to calculate the geometric gradient series. 










−

++
=

−

gi

i
AP

N)1(g)(1-1 N

1
                     SEK (2)

 

P Present worth, SEK    

A₁ First year worth, SEK 

N Life span, year 

g 

i 

Growth rate, % 

Interest rate, % 

 

Table 15, lists the assumptions that were used to calculate the NPV based on formula 2. 

Table 15: Assumptions of NPV calculations 

Maintenance growth 

rate / % 

Electrical energy 

growth rate / % 

Interest rate / 

% 

Life span / 

Year 

1.5 2 -0.24 50 

2.6 Integration of EPpet, LCA and LCC 

The main goal of this study is to find the best scenario in terms of EPpet, LCA and LCC at the 

same time. In another word, the integration of EPpet, LCA and LCC was performed for each 

scenario based on the Single-Point Rate (SPR) method. Regarding this method, the weighting 

factors were defined for EPpet, LCA and LCC to determine the importance of each of them in 

comparison with each other. In this step, 4 options were investigated to check the effect of 

various weighting factor on the final results. Table 16, shows the options that were considered 

for the SPR calculations. 
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Table 16: Weighting factors for different options 

Options 
Weighting factors 

EPpet LCA LCC 

Option 01 33 % 33 % 33 % 

Option 02 40 % 30 % 30 % 

Option 03 30 % 40 % 30 % 

Option 04 30 % 30 % 40 % 

 

2.7 Future Climate Analysis 

In the final step, the future climate analysis was executed to evaluate the energy use and the 

environmental impacts of this project in the future. The best scenario was chosen based on 

SPR calculations and the energy simulations were accomplished based on three future weather 

data sets for that. Three different climate data sets, including Typical Downscaled Year 

(TDY), Extreme Cold Year (ECY) and Extremely Warm Year (EWY) were applied in this 

study. These climate data sets have been synthesized from Regional Climate Models (RCMs) 

and they were produced for a specific time period from 2070 to 2099. More details about 

synthesizing the representative weather files are available in [11] while the reader can learn 

more about the details of synthesizing weather files from RCMs in [36-39]. 

Figure 5, shows the hourly climate data sets for Karlskrona for a period of 30 years. TDY 

graph shows the most probable dry-bulb temperature that this city will experience from 2070 

to 2099. EWY and ECY are the extreme climate data sets that the probability of occurring 

them is very rare in the future. In other words, to analyse the energy use and the environmental 

impact the comparison of the current weather data of Karlskrona with the TDY is considered. 

While EWY and ECY data sets are applicable for sizing heating and cooling systems 

capacities as peak loads in this period of the future.  The environmental impact calculations 

were carried out by OpenLCA to calculate the CO₂ emissions due to energy use for 50 years 

of building life span. The assumptions of these environmental impact analysis were the same 

as table 13. 
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Figure 5: Hourly dry-bulb Temperature 

Dry Bulb Temperature / ℃ 

 

Time / Month 
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Figure 6, illustrates the dry-bulb temperature for each climate data set. The minimum and 

maximum dry-bulb temperature for the current climate data have been shown by the black 

curve and they were -1.3 °C and 16.4 °C respectively. According to the other future climate 

data sets, the minimum dry-bulb temperature is 3.1 °C, 8.3 °C and -6.2 °C and the maximum 

dry-bulb temperature are 18 °C, 23.2 °C and 13.9 °C for TDY, EWY and ECY respectively.  

 

 
 

 

Figure 6: Dry-Bulb temperature of each climate data set 
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3 Results and Discussion 

The results are discussed in this chapter and it is divided into 6 sections. It is started by the 

energy analysis results that comprise energy use and primary energy number. The results of 

the energy simulation by IDA ICE are illustrated in the energy use section as well as the 

calculation results based on BBR 26 are expressed in the primary energy number (EPpet) part. 

The next section represents the results of the environmental impacts, including the results 

from OpenLCA. In section 3.3, the selected scenario (based on EPpet and LCA) is optimized 

to provide more acceptable results in terms of EPpet. The economic analysis results are 

represented in section 4 and after that section 5, expressed the best scenario in terms of 

integration EPpet, LCA and LCC. In this section, the Single-Point Rate (SPR) calculation 

results are provided. Finally, the results of future climate analysis are shown in section 6. 
 

3.1 Energy Analysis 

3.1.1 Energy use 

In this project, the thermal conductivity (λ-Value) of all proposed building envelope 

insulations had values very close to each other that were around 0.035 – 0.044 W/mK. Since, 

the annual domestic hot water demand and the annual property energy were constant for all 

scenarios as follows 10.15 kWh/m2 per year and 14.81 kWh/m2 per year respectively, 

therefore, the annual total energy use had a minor disparity. The scenarios which included 

bio-base insulation material such as wood fibre and cellulose have higher heating and cooling 

energy use compared to other scenarios because of their lower thermal conductivities. On the 

other hand, glass wool and mineral wool insulation materials acted more efficiently in the 

aspect of energy use due to their higher thermal conductance. Figures 7a , 7b and 8, show 

heating/cooling demand and the total annual energy use in the building per building 

conditioned area. 

 

 

Figure 7a: Annual heating demand 

Heating demand /(kWh/m2⋅year)) 
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Figure 7b: Annual cooling demand 

 

 

Figure 8: Annual energy use 

 
The two different air duct systems, experienced differences in thermal conductivity and ducts 

surface area due to change the geometric shape. It was led to a minor change in heat gain and 

loss in heating and cooling energy use demand respectively for each scenario as shown in 

table 17. 

 

Cooling demand /(kWh/m2⋅year)) 

Total annual energy use /(kWh/m2⋅year)) 
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Table 17: Heat gain and loss due to air duct alternatives 

Duct Type 
Annual heat gain / 

(kWh/ (m2 ⋅ year)) 

Pre-insulated rectangular duct (PRD) -1.17 
Spiral duct + closed-cell elastomeric foam insulation (SPD) -2.58 

 

3.1.2 Primary energy number (EPpet) 

Reference to BBR 26 the primary energy number was calculated according to the EPpet 

equation. Figure 9, presents EPpet for each scenario that complies with the standard 

requirement that is stated EPpet that should not exceed 85 kWh/m²Atemp, annually for residential 

building. All the scenarios’ EPpet results achieved the standards with a considerable margin 

which is more than 50%. The building thus met the energy requirements a margin of 20 %, 

which is a respectable safety margin. The result had no safety margin included and it was 

therefore recommended to have a good margin on the favour of BBR requirements. According 

to figure 9, scenarios 5, 6, 13, 14, 21 and 22 achieved the lowest amount of primary energy 

number with the value of 48.31 kWh/m²Atemp. In these scenarios, the insulations with the lower 

u-value were employed for the external walls and roofs. 

 

Figure 9: Primary energy number 

 

 

 

 

EPpet /(kWh/(m2
Atemp ⋅ year)) 
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3.2 Life Cycle Assessment (LCA) 

Life cycle assessment was implemented according to QS for proposed construction materials 

shows in the bill of quantity (BOQ) at table 18. 

 

Table 18: BOQ of proposed construction's materials 

Building envelope 

thermal insulation 

Volume / 

m3 

Spiral duct 

surface  

area / 

 m2  

Spiral duct 

insulation 

volume /  

 m3  

Pre-insulated 

rectangular duct 

surface area /  

 m2  

Foundation 

concrete 

volume /  

 m3  

471 847 10 1019 63 

 

3.2.1 Material Production Phase (A1-A3) 

This study was concentrated on the global warming potential category impact (GWP) as the 

main concern, thus the CO₂ emission was focused. Figure 10, demonstrates the amount of 

CO₂ emission for each square meter of heated area (Atemp) in the production module (A1-A3). 

The graph shows bio-based thermal insulation material wood fibre and cellulose have 

negative GWP values. It is basically because of the ability of storage of CO₂ in the organic 

wood structure while trees growing as claimed by Estokova and Porhincak [40]. However, 

glass wool performed better than mineral wool as inorganic insulation material since 

production energy use of glass wool was less comparing to mineral wool. 

In the air Ducting system, spiral duct system with thermal insulation exceeded the double 

GWP value of rectangle pre-insulated duct that as a result of high energy use of hot rolled 

galvanized steel sheets production as a raw material of spiral duct. However, aluminium 

production energy use is extremely higher compared to steel production but the rectangular 

pre-insulated duct has a very small amount of aluminium foil in thickness (60E-3 mm) which 

presents around 0.6 % of the total product volume. 

The ready-mix green concrete provided a lower GWP due to using the waste of concrete in 

the mixture design. In another word, to produce the green concrete the recycled concrete was 

employed to emit CO₂ at least 30% lower than the normal concrete. The Romanian concrete 

had a higher level of CO₂ emission compared to those. 
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Figure 10: Global warming potential (GWP) impact category of proposed construction material in 

production phase (A1-A3) 

GWP per Atemp /(kgCo2eq/m2) 

GWP per Atemp /(kgCo2eq/m2) 

GWP per Atemp /(kgCo2eq/m2) 
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Mineral wool 

Wood fibre 

Glass wool 

Swedish green Concrete 

Normal Romanian Concrete 

Normal Swedish Concrete 

Galvanized steel spiral duct 

Pre-insulated duct 
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3.2.2 Transportation Phase (A4) 

Transportation phase assessment in LCA for each proposed material using OpenLCA is 

shown in Figures 11, In fact, the CO2 emission related to the transportation phase is a function 

of mass and distance. Therefore, for insulation material wood fibre generates the highest 

amount of GWP due to high density of this insulation material and the far travelling distance. 

The same concept was considered for air ducting material whilst rectangular pre-insulated 

duct is lighter than galvanized steel spiral duct, however, the spiral duct is manufactured 

locally and the pre-insulated duct is imported. In addition, all the concrete travel distances 

were considered the same for all suppliers but the variation of densities of concrete types have 

led to different values of GWP. 

 

Figure 11a: Global warming potential (GWP) impact category of thermal insulations in 

Transportation phase (A4) 

 

Figure 11b: Global warming potential (GWP) impact category of ready-mix concrete in 

Transportation phase (A4) 

GWP per Atemp /(kgCo2eq/m2) 

GWP per Atemp /(kgCo2eq/m2) 

Cellulose 
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Normal Romanian Concrete 
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Figure 11c: Global warming potential (GWP) impact category of air ducting system in 

Transportation phase (A4) 

3.2.3 Use Phase (B)  

Global warming potential (GWP) impact category was assessed based on each proposed 

scenario according to their proposed building materials using OpenLCA software. Figure 12, 

presents the amount of CO2 emission for each scenario whereas GWP is linked linearly with 

the building energy use for 50 years as the building life span. 

 

 

GWP per Atemp /(kgCo2eq/m2) 

Galvanized steel spiral duct 

Pre-insulated duct 

GWP per Atemp /(kgCo2eq/m2) 
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Figure 12: Global warming potential (GWP) impact category of proposed scenarios in Use phase (B) 

Table 19, illustrates the aggregate values of GWP for each phase that shows the optimum 

scenario was scenario 19 by 1.089E+2 kgCO2eq/m2. It was mainly in the favour of negative 

CO2 emission value of wood fibre and lower value of CO2 emission of the rectangular pre-

insulated duct system and green concrete. 

Table 19: Total GWP for all proposed scenarios 

Scenarios  

GWP Per Atemp  / 
(kgCO2eq/m2) 

A1-A3 

Production 

A4 

Transportation 

B  

 Use 
Total 

Scenario 01 7.84E+00 2.53E-01 2.02E+02 2.10E+02 

Scenario 02 8.74E+00 6.51E-01 2.02E+02 2.12E+02 

Scenario 03 -1.56E+01 2.19E+00 2.04E+02 1.91E+02 

Scenario 04 -1.94E+00 3.35E-01 2.03E+02 2.02E+02 

Scenario 05 9.37E+00 2.61E-01 2.02E+02 2.12E+02 

Scenario 06 1.03E+01 6.59E-01 2.02E+02 2.13E+02 

Scenario 07 -1.41E+01 2.20E+00 2.04E+02 1.93E+02 

Scenario 08 -4.13E-01 3.43E-01 2.04E+02 2.03E+02 

Scenario 09 9.42E+00 2.60E-01 2.02E+02 2.12E+02 

Scenario 10 1.03E+01 6.58E-01 2.02E+02 2.13E+02 

Scenario 11 -1.40E+01 2.20E+00 2.04E+02 1.92E+02 

Scenario 12 -3.58E-01 3.42E-01 2.03E+02 2.03E+02 

Scenario 13 1.10E+01 2.68E-01 2.02E+02 2.14E+02 

Scenario 14 1.19E+01 6.65E-01 2.02E+02 2.15E+02 

Scenario 15 -1.25E+01 2.20E+00 2.04E+02 1.94E+02 

Scenario 16 1.17E+00 3.50E-01 2.04E+02 2.05E+02 

Scenario 17 6.59E+00 2.54E-01 2.02E+02 2.09E+02 

Scenario 18 7.49E+00 6.52E-01 2.02E+02 2.10E+02 

Scenario 19 -1.68E+01 2.19E+00 2.04E+02 1.89E+02 

Scenario 20 -3.19E+00 3.36E-01 2.03E+02 2.00E+02 

Scenario 21 8.12E+00 2.62E-01 2.02E+02 2.11E+02 

Scenario 22 9.02E+00 6.59E-01 2.02E+02 2.12E+02 

Scenario 23 -1.53E+01 2.20E+00 2.04E+02 1.91E+02 

Scenario 24 -1.66E+00 3.44E-01 2.04E+02 2.02E+02 

 

3.3 Scenarios Optimization process 

For further assessment, the results of GWP and EPpet were drawn on a 2D graph for each 

scenario. The best scenario is the closest point to the zero-point coordinate due to lower GWP 

and lower EPpet simultaneously. It was found that scenario 21 with co-ordinations 48.31 

EPpet/(kWh/(year⋅m2)) and 2.11E+02 GWP/(kgCO2eq/m2) was the optimum option in both 

aspects as shown in figure 13. 
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Figure 13: Integration of GWP and EPpet for all proposed scenarios 

It was found that the wooden fibre scenarios had the lowest GWP impacts nevertheless they 

could not compete for building's energy use aspect because of the high value of their thermal 

conductivity. Therefore, the insulation thickness of the wood fibre was increased by 50 mm 

to be able to contest fossil based thermal insulation material respecting to the energy use of 

the building. Figure 14, shows the wooden fibre insulation thickness increasing effect on 

primary energy and Global warming potential value. In fact, it was led to the 23rd scenario 

that has co-ordination 48.28 EPpet/(kWh/(year⋅m2)) and 1.85E+02 GWP/(kgCO2eq/m2) was the 

nearest to the origin point and became the top-notch option on both aspects. 

 

Figure 14: Integration of GWP and EPpet for all proposed scenarios after increasing the thickness of 

wood fibre by 50mm 

Scenario 23 

Scenario 21 

GWP /(kgCO2eq/m2) 

GWP /(kgCO2eq/m2) 

EPpet /(kWh/(year⋅m2)) 

EPpet /(kWh/(year⋅m2)) 
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3.4 Life cycle costing (LCC)  

Life cycle costing analysis was conducted for all proposed scenarios included the improved 

scenarios as well to have thirty scenarios in total. The analysis was based on the Net Present 

Value (NPV) method which showed the lowest value of NPV at the ninth scenario with a total 

amount of 12.98 MSEK. The ninth scenario was comprised of glass wool insulation, 

rectangular pre-insulated air duct and Romanian concrete those materials had the lowest raw 

materials prices which led to this result. Whereas, other costs such as the energy used cost 

have slight disparities between alternatives. Figure 15, demonstrates the NPVs for the initial 

and running costs for all scenarios. Further detail numbers for each cost are presented in the 

appendix. 

 

Figure 15: NPVs for the estimated costs for all proposed scenarios 

3.5 Integration of Energy Analysis, LCA and LCC 

Single-Point Rate (SPR) calculations were carried out to detect the optimum scenario 

according to proposed weighting system options in terms of these three aspects: EPpet, LCA 

and LCC. Table 20, shows the minimum SPR values and its corresponding scenario. 
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Table 20: Minimum SPR values and corresponding scenarios number 

 

Option 

Weighting factors Minimum SPR 

values  
Related Scenario 

EPpet LCA LCC 

Option 01 33 % 33 % 33 % 9.16E-01 Scenario – 19 Improved  

Option 02 40 % 30 % 30 % 9.23E-01 Scenario – 19 Improved  

Option 03 30 % 40 % 30 % 9.10E-01 Scenario – 19 Improved  

Option 04 30 % 30 % 40 % 9.04E-01 Scenario – 01  

 

The results in the table declare that improved scenario 19 that has the wooden fibre, 

rectangular pre-insulated duct and green concrete had the lowest SPR in options 1, 2 and 3 

when LCC had the lowest/equal weighting factor.  On the other hand, while LCC weighting 

factor had been considered as the highest impact that led to scenario 01 that consisted the 

insulation glass wool, rectangular pre-insulated duct and normal Swedish concrete. Actually, 

these components led to one of the lowest scenarios in the aspect of NPV. 

3.6 Future Climate Analysis 

The future climate analysis was assessed for three different weather data sets comprised of 

TDY, EWY and ECY. Figure 16, compares space heating energy demand based on current 

weather data and TDY. The top graphs are the hourly data and the bottom one is the monthly 

accumulative data for space heating energy demand. According to them, the space heating 

energy demands based on the current weather data and TDY are 47556 kWh/year and 26297 

kWh/year respectively. In other words, the space heating energy demand for the current 

weather data is 45 % higher than TDY in the future. It might be due to global warming and 

higher outdoor temperature in the future. Therefore, the building needs to purchase a lower 

amount of heating energy in that time period in the future. 
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Figure 16: Space heating energy demand 

 

 

 
According to figure 17, the cooling energy demand for the current weather data is 80471 

kWh/year and based on TDY is 165122 kWh/year. In fact, in the next 50 years, this project 

almost needs twice amount of cooling energy to meet the thermal comfort set-points. Actually, 

due to global warming, the cooling demand will be higher in future and it could be the main 

reason to experience that. 
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Figure 2: Cooling energy demand 

 
 

Figure 18, shows the boxplot based on the hourly data of the space cooling load and cooling 

load as well. Based on that, the heating energy demand will be increased by 27 % for ECY 

condition compared to the current condition. Moreover, the cooling energy demand will be 

enhanced by 310 % with respect to EWY. This calculation could be useful for the client to 

consider a suitable infrastructure for the future to be able to cover this amount of energy and 

sizing the cooling and heating systems capacities. It is also worth mentioning that the EWY 

and ECY are the extreme weather data and the probability of occurring these conditions are 

very low. 
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Figure 3: Hourly data of cooling energy demand and space heating demand based on different 

weather data, TDY, EWY, ECY 

 

The CO₂ emissions based on the current weather data and the future weather data are 

illustrated in figure 19. Based on this figure, this building will provide 8.15×105 kgCO2eq/50 

year due to energy use during the building life span. It is almost 14% higher than the current 

CO₂ emission of the building. In fact, the current CO₂ emission is 7.22×105 kgCO2eq/50 years. 

The main reason to have a higher CO₂ emission in the future is the energy use of the building 

will be increased considerably for the cooling demand. 

Space Heating Load /(W/m2) Cooling Load /(W/m2) 
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Figure 4: CO₂ emission based on current weather data and future weather data 
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4 Conclusion 

This project was conducted to investigate about 3 construction materials in terms of energy 

performance, LCA and LCC. The first material was thermal insulation and to assessed that 

for the external walls and roofs, 2 bio-based materials were compared by 2 fossil-based 

materials. The second material was ready-mix concrete for the foundation. To assess that, 3 

types of ready-mix concrete including 1 green concrete and 2 normal concretes were assessed. 

The third material was air duct for the HVAC system that 2 types of that including pre-

insulated rectangular duct and galvanized steel spiral duct were investigated. Integration of 

these materials created 24 scenarios which one of them were determined as the optimum one 

in the favor of energy use, LCA and LCC. In the final step, the future climate analysis was 

conducted for the best scenario to demonstrate energy performance and environmental impact 

from 2070 to 2099. 

As a conclusion, employing bio-based materials could be helpful to achieve the goal of having 

a sustainable building project. The wood fiber and cellulose were selected to investigate as 

the bio-based thermal insulation for the external walls and the roof. The CO₂ emission of both 

were negative values and it is mainly because they are produced by the wood. Basically, the 

tree absorbs the CO₂ from the air and if the constructors tend to use these types of insulation, 

it would provide the remarkable effects on the saving of CO₂ emission due to using the bio-

based thermal insulation. Two other fossil-based insulations namely mineral wool and glass 

wool were compared to these bio-based insulations to show the difference of using them in 

terms of environmental impacts, primary energy use and economic feasibility. Actually, due 

to lower U-value of the glass wool and the mineral wool, they illustrated the better results in 

terms of primary energy use, however, with increasing the thickness of wood fiber it can be 

compensated. In addition, the price of wood fiber is higher compared to other insulations. 

However, if the environmental impacts are more important than economy issues (10% more), 

it is highly recommended to use the bio-based thermal insulation. 

To investigate the ready-mix concrete, the foundation of the project was selected and three 

different types of insulation were checked. As a conclusion, using the green concrete was the 

best in terms of environmental impacts, while the price of that was almost 20% higher than 

the normal concrete. The main reason is using the waste material in the producing of the green 

concrete to save at least 30% of CO₂ emission in comparison with the normal concrete. The 

green concrete can also provide the same characteristics of the normal concrete in the favour 

of compressive strength, exposure class and water to cement ratio. 

The pre-insulated rectangular duct not only demonstrated the lower environmental impacts 

but also, it had a lower price in comparison with the spiral duct system. Since the duct surface 

area in the rectangular shape is higher than the spiral shape the transmission heat loss is higher. 

It means that the pre-insulated rectangular duct experienced the higher primary energy use 

number, while it was not noticeable. 
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As the main conclusion, the scenario which was included the bio-based materials was selected 

as the best scenario in terms of integration of environmental impact, primary energy and 

economy. In that scenario the wood fiber was selected as the thermal insulation, the green 

concrete was determined as the ready-mix concrete and the pre-insulated rectangular duct 

system was chosen the air duct system. It is also worth mentioning that, the lower energy use 

does not mean the sustainable one. This study strongly illustrated that to find the sustainable 

building design the life cycle assessment needs to be performed in addition to the energy 

analysis.  

Moreover, to ensure the building has a future climate resilience in terms of energy-efficient 

and environmental impacts, the analysis regarding the future climate was performed based on 

three climate data sets for the time period between 2070 and 2099. The final selected scenario 

which comprises the bio-based materials illustrated that the building can cover the heating 

demand in the intended time period while regarding the supporting cooling demand the more 

suitable infrastructure is expected to cover the higher cooling load (almost 2 times more) in 

the future. Furthermore, it is optimistically expected to have lower CO₂ emission than the 

achieved results for the selected scenario in this study according to the global direction of 

greener energy generation. 
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6 Appendix 

6.1 Values of Global Warming Potential (GWP) 

 

Figure 5: Calculated values of Global Warming Potential (GWP) for each scenario 

 

6.2 Values of Life Cycle Costing (LCC) 

 

Figure 6: Calculated values of Life Cycle Costing (LCC) for each scenario 
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6.3 Values of integration of EPpet, LCA and LCC 

 

Figure 7: Calculated values of SPR  for each scenario, EPpet (33.33%), LCA (33.33%), LCC 

(33.33%) 

 

 

Figure 8: Calculated values of SPR  for each scenario, EPpet (40%), LCA (30%), LCC (30%) 
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Figure 9: Calculated values of SPR  for each scenario, EPpet (30%), LCA (40%), LCC (30%) 

 

 

Figure 10: Calculated values of SPR  for each scenario, EPpet (30%), LCA (30%), LCC (40%) 
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6.4 Hygrothermal Performance Assessment 

 

Figure 11: Hygrothermal analysis for 3 thermal insulation materials 
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Figure 12: Mould index calculations based on VTT model 
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