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Abstract 

The aim of this paper is to investigate and suggest efficient measures to improve energy performance of a 

building, belonging to the Ports of Stockholm. The building has a sufficiently large area of ca 31 000 m2 

and is intended to be used as a museum and archive storage with strict requirements to the indoor climate. 

Building modeling is limited due to the lack of input data, such as detailed construction drawings and 

materials, used in the building, operation and exact setting parameters of the buildings systems, activities 

of the tenants, energy consumption and energy prices. Suggested measures are evaluated in accordance to 

the annual energy and financial savings. Investments into the measures are evaluated and payback period 

is estimated, as well as life cycle cost for each suggested measure. Care is taken to estimate environmental 

impact for each case in connection with CO2 emissions to the atmosphere, caused by production of the 

energy, utilized in the building.  

Second part of the project carries out modeling of the solar PV installation on the roof of the building to 

analyze electricity production by the installation and its compliance with the electricity demand of the 

building.  Possibility of ground source heat pump implementation and solar thermal installation for 

domestic hot water production are investigated, modeled and evaluated in the project. 

The results obtained present several possible solutions for energy improvement of the building, depending 

on the building owner’s target and include windows replacement, indoor temperatures adjustment and 

installation of external shading, as well as lighting improvement. Suggested options are discussed in 

corresponding part of the paper. Conclusions and suggestions regarding future work are given. 

 

Key words: storage, modeling, energy saving, improvement measure, photovoltaic, solar thermal, heat 

pump, environmental impact.  
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Nomenclature 

Atemp   The area inside area of the building envelope, including cellars and attics for 

            temperature-controlled spaces, intended to be heated to more than 10 0C 

 

ACH  Air Change per Hour  

AHU   Air Handling Unit 

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers 

DC  District Cooling 

DH  District Heating 

DHW  Domestic Hot Water 

EHPA  European Heat Pump Association 

HX  Heat Exchanger 

HP  Heat Pump 

HVAC  Heating, Ventilation and Air Conditioning 

IAQ  Indoor Air Quality 

IEQ  Indoor Environmental Quality 

IR  Infrared radiation 

LED  Light-emitting diode 

RH  Relative Humidity, % 

SPF  Seasonal Performance Factor 

SWH  Solar water heating 

T  Temperature, 0C 

Um  Average thermal transmittance, W/m2K 

UV  Ultraviolet radiation  
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1 Introduction 

Having learned the didactic lessons of the history and moving forward in its development, humanity still 

tries to conserve the remains from the past for the coming generation. For this reasons the relevance of 

the museum storage availability never loses its actuality and even encourages for further development of 

the conversion and storage technology. 

This paper cares out a study on effective measures for energy performance improvement of Magasin 6 

building, which over time is planned to become museum and archive storage. The project consists of two 

parts: building improvement and renewable energy integration. 

Creation of the building model is presented in the relevant chapter of the paper, limitations of the model, 

such as lack of input data regarding building construction and its operation, are pointed out and taken 

assumptions are discussed. Further investigation on improvement of the energy system of the building is 

done. A range of effective measures are evaluated in accordance to annual energy and financial savings, as 

well as investments into the measures, their payback period, life cycle cost and environmental impact. 

Among considered measures are windows replacement, indoor temperature set-points adjustment, lighting 

improvement and installation of external shading. Different combinations of mentioned measures are also 

investigated in order to define optimal solution in accordance with customer’s expectations.  

In order to make the building less depended on bought energy and more environmental friendly, 

investigation of possibility of heat pump and solar thermal installations is done. Conclusion on feasibility 

of such installations is given. 

As the result of this study a conclusion is made and several solutions are proposed to the customer in 

accordance with the highest energy efficiency, financial savings and lowest environmental impact. 

1.1 Presentation of the customer: Ports of Stockholm 

Ports of Stockholm play a crucial role in logistics and transportation of goods and people from and to the 

capital of Sweden. Every year eleven millions of passengers and nine millions tons of goods pass through 

the ports of the city (StockholmsHamnar, 2013). Trying to provide customers with the best service, Ports 

of Stockholm constantly develop and reconstruct. However, the property of the institution is not limited 

with boats and ships. In addition, Ports of Stockholm own and operate several buildings in every district 

of the city, where ports are located. The purpose and the use of the buildings range from administration 

offices to maintenance and storing areas. 

Reconstruction and development of the surrounding industrial and business areas, that has started several 

years ago in the Norra Djurgården district of Stockholm, together with the construction of new road links 

and civil housing district, has directed the management of the Ports of Stockholm to a revision of the 

available in the district lease areas, in order to collect benefit from advantageous location and increase rent 

profits. Ninety two different organization and institution of Stockholm were questioned, in order to define 

the most suitable potential tenant (Stockholms Hamnar, 2009). As the result of the research done, it was 

decided to create an archive and museum storage in Magasin 6, one of the ports buildings, located in 

Frihamnen. Ports of Stockholm expect the building to become the most demanded on the market of 

archive storage (Stockholms Hamnar, 2009). 

1.2 Building Efficiency Improvement and Renewable Energy 

Integration Project 

This paper carries out an energy improving and renewable energy integration project in Magasin 6, which 

in accordance with the written above, is supposed to become an archive and museum storage building in 
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Frihamnen. Today already almost 30 % of the building area is rented out for storing needs to the different 

companies and institutions of the city, but the biggest tenant is Stockholm City Archive, which occupies 

about 1500 m2 (1). Under the coming reconstruction, the building owner strives to increase the rented 

area, scoring to occupy it with archives and museum items. Due to construction features, such as thick 

walls and low average level of glazing, Magasin 6 provides stable climate and limited day light in storing 

areas, which are the top first requirements of the archive institutions.    

However, antiquities storage sets a wide range of the strict requirement to the indoor climate in the 

storage building. Magasin 6 was built in the mid-sixties of the last century and requires renovation to be 

able to host museum and archive treasures. Several effective measures, as well as different combinations 

of them, are modeled and evaluated in the project. Results obtained are presented in the relevant chapter 

of the paper in accordance with the energy and financial savings. Investments into the measures are 

evaluated and payback period is estimated. Life cycle cost and environmental impact of the suggested 

measures are calculated and taken into account in order to make a conclusion on feasibility of 

implementation of the suggested measures. 

Though every particular master piece is unique, has its own history and should be treated in a specific way. 

The maintenance of the necessary conditions for the storage facilities increases energy consumption and 

leads to high expenses. In order to decrease consumption of excising fossil fuels, lower the costs and 

reduce the impact on the environment, integration of renewable energy systems, available on the site, 

plays a crucial role. For that reason investigation, modeling and evaluation of ground source heat pump 

and solar thermal installations is done during the project work and presented in this paper. Conclusion on 

its feasibility is done. 

One of the most ancient and the most rapidly developing technology today is solar technology (2). Solar 

photovoltaic panels produce direct current and help to decrease electricity consumption from the grid, 

lowering the cost for the user. Combining availability, efficiency and environmental safety, the Sweden’s 

biggest roof solar photovoltaic facility is to be installed on the top of Magasin 6 during the summer 2013. 

The analysis and evaluation of this installation is also provided in the project. Energy production by the 

installation is compared with current energy demand of the building, as well as for suggested for 

implementation cases. 

1.2.1 Objectives of the project 

Striving to create the necessary appropriate conditions for storage of the various museum artifacts in the 

existing port storage building, using up-to-date energy efficient technologies, this project copes with the 

following set of objectives: 

• Revision of the literature, related to the museum storing practice, and previous research done on 

the topic, acquaintance with storage buildings concept and requirements to the indoor climate; 

• Revision of the literature, related to the integrated roof photovoltaic installations, and previous 

research done on the topic; 

• Revision of the literature, related to the solar thermal installations for domestic hot water 

production, and previous research done on the topic; 

• Revision of the literature, related to the heat pump installations for local heating and cooling 

production, and previous research done on the topic; 

• Development of an accurate energy model of the study case building; 

• Modeling of various possible efficient measures in order to improve the energy performance of 

the building, as well as different combinations of them; 

• Evaluation of suggested improvement measures in accordance with annual energy and financial 

savings, investment cost, payback period, life cycle cost and environmental impact for each study 

case; 
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• Modeling of the integration of the photovoltaic system in the building, and evaluation of its 

contribution to the energy performance of the building for several improved cases; 

• Modeling of the integration of the ground source heat pump installation, and evaluation of its 

contribution to the energy performance of the building for several improved cases; 

• Modeling of the integration of the solar thermal installation, and evaluation of its contribution to 

the energy performance of the building for several improved cases. 

• Suggestion of optimal solution for improvement of building energy performance. 
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2 Methodology  

This chapter of the paper explains the methods, order and strategy, used by the project group in order to 

fulfill the objectives, stated in the previous section. 

2.1 Literature review 

In order to fulfill revision of literature objectives for each subject of the project work, a wide study of 

scientific and popular literature, mostly published not more than a year ago, is done by the project group 

members to get acquainted with the storage building principles and specific requirements, set to the 

museum and archive storages, as well as to the modern office buildings. Newest technological methods, 

used to fulfill these requirements and improve energy performance of the case building, are studied to be 

applied in the project. Attention is paid to the study of existing building codes, norms and regulations. 

Renewable energy application principles are also taken into consideration. Survey of heat pump systems is 

done, as well as study as modern solar systems, used both for electricity and DHW production. 

2.2 Building modeling 

In order to create an accurate energy model of the investigated building, Design Builder software is used.  

The accuracy of the created model is proved by the acceptable rate of error between actual energy 

consumption data, provided by the building operator, and simulation results. 

2.2.1 Input data 

Before the project work started, a study visit to the investigated building Magasin 6 in Frihamnen was 

made. A building owner representative Viktor Axelsson presented the building to the project group, and 

explained the company’s policy and its plans regarding the further development of the considered port 

building and the requirements for the future project.  

In order to become more familiar with the complicated construction of the port storage building, building 

architectural drawings are gathered and deeply studied by the project group. Nevertheless, a lot of data 

important for modeling are missing. Among them is information regarding wall and roof construction, 

materials used in the construction, thickness of the layers in the constructions and type of windows. 

Requirements from the building tenants for the indoor climate, such as heating temperature set-points, are 

provided by the building owner, together with annual heating and electricity consumption levels. No 

annual data is provided regarding cooling system of the building. System settings parameters and annual 

energy demand is assumed in accordance to the relevant references.  

Information regarding lighting levels within the building and types of lamps used is also missing and input 

data into the model is taken from relevant literature resources. 

2.3 Measures of improvement 

In order to fulfill objective regarding building energy system improvement, investigation is done in two 

directions: 

− System demand improvement; 

− Construction improvement. 

The solutions for the building energy performance improvement are based on the study on the current 

building energy demand and construction analysis. Ideas for the improvement measures are taken from 

previous experience in building energy improvement projects, done by the project group members, as well 

as from latest studied research papers and reports. 
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2.3.1 Cost analysis 

To be able to estimate feasibility of implementation of suggested measures and have a better comparison 

of different solutions, cost analysis of each improvement and each combination of improvements is done. 

Installation costs are taken from relevant available Swedish sources. Actual prices, provided by the 

building operator, for every type of energy consumed are used to calculate energy cost in each case and are 

represented in Table 1. 

Heating 0.75 SEK/kWh 

Cooling 0.8 SEK/kWh 

Electricity 0.65 SEK/kWh 

Table 1 Price for each type of energy, utilized in the building 

Since the price for electricity for Magasin 6 is very low, calculations are done and presented as well for 

common electricity price of 1 SEK/kWh. 

Savings from implementation of each measure are found as a difference between energy cost for base 

renovated case and every improved case, which are further used to find payback period. Payback period is 

calculated as a ration between investment cost and savings achieved. 

In order to present a better comparison of the suggested measures of improvement, life cycle cost during 

the lifetime is calculated. It includes investment cost, life cycle cost of energy and life cycle cost of 

operation and maintenance. 

Life cycle cost of energy is found as total amount of energy consumed, multiplied by a coefficient, which 

involves energy price, calculation period, interest rate and the price escalation, and can be calculated using 

equation [1]. In this project, calculation period equals to 15 years, interest rate 6 % and price escalation 

2%. 

��������� = 	 × � ×
���������

��
,  [1] 

 

Where E: Energy used [kWh];  

P: Energy price [SEK/kWh];  

i: interest rate; d: price escalation;  

n: calculation period [year]. 

Life cycle cost of operation and maintenance is not included into the calculation, since it is assumed that 

no operation and maintenance is required for the considered measures of improvement. 

2.3.2 Environmental impact  

In order to have wide spectrum of comparison of suggested measures and their combinations, the change 

in the environmental impact of each modeled case is done. It estimates the amount of CO2 emitted during 

energy production caused by the energy consumption of the project building. Calculations are performed 

separately for each type of energy utilized by the building and are based on the CO2 emission intensities 

for Sweden for each type of energy consumed, presented in Table 2. 

CO2 intensity of heating 0.08 kg CO2/kWhheating 

CO2 intensity of cooling 0.01 kg CO2/kWhcooling 

CO2 intensity of electricity 0.04 kg CO2/kWhel 

Table 2 Table of intensities (3) 
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Total annual emission of tons of CO2 emitted for each case are found as a sum of annual emissions from 

heating, cooling and electricity consumed in each case, which equals to annual consumption multiplied by 

the emission intensities.  

2.4 Renewable energy implementation 

In order to fulfill project objectives regarding renewable energy implementation in the building, 

investigation, modeling and evaluation of several renewable energy resources, available on the site, are 

done. Among them are: photovoltaic system modeling, solar thermal modeling for domestic water 

production, and ground source heat pump modeling. 

2.4.1 Photovoltaic modeling 

A photovoltaic system modeling, which is currently being installed on the roof of the project building, is 

done using PVsyst V6.06 design tool (4). All the parameters, used for the model design, are taken from the 

final photovoltaic project directive, provided by the building owner representative. The results obtained 

from the simulation are presented further in the corresponding chapter of the report and are compared to 

the simulated electricity demand of the project building. 

2.4.2 Solar thermal modeling 

The estimate of solar thermal panel area and financial cost is done in order to fulfill the objective 

requirement about solar thermal modeling for domestic hot water production. The annual hot water 

consumption in Magasin 6 is estimated thanks to the literature, as well as common parameters used to 

model a solar thermal system. This modeling can be used as a first approach to conclude if solar thermal 

system implementation is technically and economically possible. 

2.4.3 Ground source heat pump systems modeling 

Ground source heat pump modeling includes evaluation of different systems for vertical heat exchangers. 

The results, obtained from the study, and conclusions of system implementation feasibility are presented 

further in the corresponding chapter of the report. 

The aim of this modeling is to make a first estimate of HX dimensioning and financial cost of HP 

implementation. The demo version of the software Earth Energy Designer V3 (5) is used to design the 

vertical borehole HX. The input parameters are taken from Magasin 6 model results made by Design 

Builder. 

 The HP system and the actual system of heating and cooling (district cooling and heating) are compared, 

for base renovated model and for some combinations of improvement measures. The accuracy of the 

results does not need to be very high because this is only a first approach calculation. 

2.4.3.1 Financial costs estimate 

After dimensioning the heat exchangers and the heat pump, the next step is to estimate the final costs and 

to calculate the payback time. The investment cost and the running costs are estimated thanks to the 

literature and real project costs. 

The prices for district cooling and district heating are taken from actual Magasin 6 bills. The difference 

between the running costs with HP system and the actual costs with DH (between October and May) and 

DC (between June and September) gives the savings generated by the installation of the HP system. The 

payback period is then calculated as the ratio between the investment cost and the savings. The running 

costs correspond to the cost of the electricity consumed to run the HP system; that includes the HX 

pump and the compressor powers (in W).  

This modeling will be used to evaluate this technically and economically feasibility of implementation of 

ground source heat pump in Magasin 6, for the building as it is now and for different improved cases. 
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3 Literature review 

After the renovation, the entire building of Magasin 6 in Frihamnen will become a host for precious 

treasures of history, nature and art, as well as volumes of the city archives. All these objects require 

specific indoor climate and storing conditions. While being hidden from the appreciating audience, objects 

of art will be scrutinized and subsequently renovated in the office zones. Offices also will be used by 

museum and archive staffs for regular daily work.  

In order to get familiar with these two types of spaces, storage and office rooms, their arrangement, 

mechanisms and requirements, a literature review of scientific papers, building norms and codes is done 

and presented in the following subparagraphs.  

Another part of the project work cares out renewable resources integration in the energy system of the 

building. As it was noticed above, an installation process of PV system on the roof of Magasin 6 is 

planned during the spring 2013. To make a brief assessment of the system and see its correspondence 

with the electricity demand of the building, literature review of such systems is done. Another energy 

system, driven by local renewable resource, is solar thermal hot water production. The last energy system 

investigated is ground source heat pump, to produce the totality or a part of heating and/or cooling for 

Magasin 6. Literature study is done and presented in the following subparagraphs to enable evaluation of 

such system and estimation of its feasibility. 

3.1 Museum and archive storages 

Museums play an essential role in the stability and the development of the society.  According to the 

definition of the International Council of Museums (ICOM), a museum is an open to the public, non-

profit organization, representing humanity and its development, which collects, stores, investigates and 

exhibits the historical treasures and cultural masterpieces of civilization, with a view to further research, 

learning, and esthetic pleasure (6). During the long-term history of humanity and civilizations, millions of 

units of art have been conserved for the coming generations. Together with the growing the amount of 

stored antiques, question of their storing arises. Museum and archive storage is a space, used for 

warehousing of objects of art, historical values and archive materials.  

Treasure master pieces and documents, which came to modern world across several severe historical 

periods and will be stored within the project building, are mostly represented by paper objects: painting 

and archives. Paper appeared thousands of years ago; however until now it is still not known for certain, 

how long can a paper document exist. History of ones counts for centuries, while others might disappear 

in a couple of months. In science it is considered to be two factors, influencing the length of paper 

documents existence. They are chemical reactions and physical mechanisms, which are connected to each 

other (7). 

3.1.1 Study of the requirements to the indoor climate in the storage 

spaces 

Being responsible for the safety of the property of the history, museum storages are built in accordance 

with the strict standards, their concepts and requirements are studied in details. Maintenance of the proper 

indoor environment of a museum warehouse is usually based on the following properties (8): 

− Temperature; 

− Relative humidity; 

− Light; 

− Air pollution. 

Incorrect temperature settings may lead to desiccation or discoloration of organic materials used in objects 
of art. For example, too high RH may cause creation of mold and corrosion, while too low RH dehydrates 
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antiques, air pollutants discolor and corrode all types of materials (8). At the same time striving to create 
ideal conditions for storing, it should be kept in mind, that improved conditions may have a negative 
influence on the object, and just moving it to a theoretically better indoor environment may cause severe 
mechanical damage to the object (9). 

In order to be able to evaluate and properly design indoor climate in the project building, a survey of 

different requirements to the indoor climate of storing spaces is presented in the following subparagraphs. 

3.1.1.1 Temperature and relative humidity 

From the middle of the last century, a huge amount of research has been done on the topic of 

conservation climate of museum and archive objects. At the origins of this study stand the ICOM survey 

with questionnaires, published in 1960, and Thomson’s “The Museum Environment” from 1978, which 

were used as a basis at most further research work done (10). In his work, Thomson states ideal 

conservation parameters for the object of art at T=200C and 50 % ± 5 %RH, in order to maintain 

constant moisture ration of the objects. At the same time, in the appendix to the work, author mentions 

range of RH between 40 and 70 % as acceptable (11).  

Jan Holmberg in his work “Conservation Climate of museum objects“ (“Bevarandeklimat för 

museiföremål”) for the conference “Indoor environment in museum storage” (“Inomhusmiljö i 

museimagasin”) notices, that such a decision of Thomson regarding ideal set-point for storing zones was 

dictated by the current status of air-conditioning industry at that period (10). In his own study of the 

museum storage climate, Holmberg recommends set-points with small variation in RH, such as ± 2 % or 

± 4 %, which cannot be measured with any degree of accuracy (12).  

Image Permanence Institute did a research, comparing Thomson’s parameters for T and RH and 

proposed by Davis set-points of T = 18 0C and 45 % RH. The obtained results showed that two degrees 

decrease in temperature set-point and five per cent decrease in RH extends preservation index of 

collection for 64 % (13).  

Smithsonian Institution, being a heart of American museums and research centers, on the grounds of 

financial difficulties, maintains indoor climate in storing spaces at RH of 45 % ± 8 % and indoor room 

temperature of 70 0F ± 4 0F, which approximately corresponds 21 0C ± 2 0C (10). 

In year 2010 Swedish National Heritage Board launched “Sustainable conservation climate in museums 

and objects archive” project, as a part of its R & D program. It aims to explore the possibility to avoid 

flexibility in set-points for archive and museum spaces, striving to define specific parameters for each 

specific group of objects and lower energy consumption of such installations (14). 

The ASHRAE Handbook is a well-known world-wide practical collection of guidelines and 

recommendations, regarding construction and operation of heating, ventilation, air-conditioning, and 

refrigeration systems. Chapter 23 of the handbook is devoted to museums, galleries, archives and libraries, 

and strives to represent and explain specific needs of the collection rooms in these types of buildings. 

Based on several works done, HVAC system design description does not give any strict norms and 

parameters. Meanwhile, the document states the necessity of the communication with the client, since the 

final system design decision is founded on the requirements of each collection (13).  

3.1.1.1.1 Control of the set parameters  

Temperature and relative humidity of the storing spaces should be stable. Even small variations may 

accelerate destruction of the materials (7). In order to create and keep constant desired environmental 

parameters within storing space, several aspects should be taking into consideration (8): 

1. Building envelope 
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The building envelope should be checked for leakages in the roof, ceiling and windows; gaps in 

the walls and floors, as well as the presence of moisture on their surfaces; storing rooms should 

not have open water sources, such as water sinks and toilets, and no leaking plumbing. 

2. Passive control 

Among passive methods of control, can be taking into an account avoidance of the turning the 

HVAC system off for the nights and on for the days, to prevent fluctuation in RH levels; lower to 

the maximum appearance of people in the storing spaces, since human breath increases humidity 

level in the air; storing objects in boxes is another effective method to minimize fluctuations of T 

and RH levels. 

3. Active control 

A properly designed HVAC system maintains desired indoor air quality. To control all the 

required parameters it may include air heaters and coolers to supply air of the required 

temperature, and humidifier or dehumidify, to optimize RH of the supply air. 

3.1.1.2 Light 

Being essential in showing and representing cultural heritage, light is another huge source of damage to 

the storing objects. All types of lighting, presented in museums nowadays, such as fluorescent, 

incandescent and halogen lamps, daylight, emit ultraviolet (UV) radiation, which is the most damaging to 

the objects of art (8).  

Besides the risk coming with the UV radiation, light emits infrared (IR) radiation, which delivers additional 

heat to the object, which may cause acceleration of chemical reactions of the materials, thus lead to cracks 

and color loss (15).  

In order to decrease the negative influence of the light to the objects, two options are available (8):   

− Reduction of the amount of light; 

− Reduction of the exposure time. 

There is no minimum level of insulation for light-sensitive objects. Keeping objects in complete darkness 

seems to be the best solution, at the same time it causes slight darkness of the oil paintings (7). For that 

reason storage and demonstration of objects of art is always a compromise between willing to exhibit and 

preserve historical treasures to the coming generation. The standard light level for light-sensitive objects, 

among which are manuscripts, prints and drawings, equals to 50 lux (8).  

Striving to minimize damage from light, as well as decrease energy consumption by the lighting systems in 

the museum and archive spaces, Swedish National Exhibitions (Riksutställningar) and Jönköping 

University of Technology conducted a research study “New light sources in the museum environment” 

(Nya ljuskällor i museimiljö), which explored the possibility of usage of light-emitted diode (LED) lamps. 

(15). The results obtained showed, that LED lamps emit less both UV and IR radiation, thus reducing the 

negative influence of the light to the objects (16). 

Demonstration assessment of LED lamps performance was done in Jordan Schnitzer Museum of Art, 

Eugene, Oregon, USA in January-April 2011. The idea of the research was to evaluate the efficiency and 

the influence of the museum exhibits, among which were prints, paintings and sculptures. The results 

obtained showed a decrease in energy consumption from 9851 kWh per year to 1403 kWh per year. At the 

same time LED lamps satisfied all the needs of gallery personal and artists, in terms of visibility and 

absence of color shift, which exists when using halogen lamps (17).  

3.1.1.2.1 Control of the lighting damage level 

As it was mentioned above, lighting is very dangerous to the valuable objects of art. This is why a large 

portion of effort should be put into its optimization. In order to control lighting level, special light 

measuring equipment should be used. It is so due to the reason, that human eye cannot detect UV and IR 
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radiances, which are the most dangerous for art objects. In order to measure visible electro-magnetic 

spectrum, a visible light meter is used. UV monitor is usually used for UV levels measurements (8).  

A wide range of measures to limit undesired light penetration to the exhibits and archives is available. For 

example, in order to decrease visible light, windows coverings, such as curtains and blinders, might be 

used on windows. If it is required to keep windows glazing open, then UV filters should be used. Use of 

filters and proper air circulation decrease the influence of the IR on the objects. Dust covers might be 

used on light-sensate object to prevent light penetration on its surface (8). Installation of LED lamps 

serves the same purposes, as it was noticed above.  

3.1.1.3 Air pollution 

Air pollution is presented with two different types of pollutants (8): 

− Gaseous pollutants; 

− Particulate pollutants. 

Research shows, that outdoor pollutants in gaseous form easily penetrate into all types of building, 

bypassing the most modern filter technologies, used in HVAC systems (13). The most common and at the 

same time most damaging air pollutants are: SO2 - sulfur dioxide; H2S - hydrogen sulfide; HCl - 

hydrochloric acid; and NOx - nitrogen oxides. Destruction of materials may occur already at relatively low 

levels, therefore no lower limits have been established (7). 

Besides the chemical compounds, another type of air pollution are particles, suspended in the air, which 

are coming from contaminants, produced both inside and outside the room. Among them are: dirt, 

including silica crystals, ash, grease and soot from surrounding industrial smoke (8). To decrease 

penetration of the particles from the inside, a system of filters is usually installed within HVAC system. 

The choice of a particular filter type is usually dictated by the particle size, which is measured in microns. 

In order to estimate the amount of particles, which reach indoor area and the quality of the filter system, 

measurements of indoor and outdoor air are done (7). Analyzing the results, it should be kept in mind, 

that materials, used indoor, also emit particles to the air. Thus wood emits acids, which are as well emitted 

by paints and varnishes; unsealed concrete may release alkaline particles; formaldehydes can be emitted by 

glues.  

3.1.1.3.1 Monitoring and control of particles 

There are several ways available to monitor the amount of air pollutants. One of them is the Oddy test, 

when a metal coupon is placed in a small container with a material, being tested, and an amount of water. 

Passive sample devices are usually placed in the experimental zone for some period of time and afterwards 

sent to the laboratory for analysis. For measuring acid levels A-C strips might be used. 

Particles, suspended in the air, can be removed from the air stream by (18): 

1. Absorption; 

Such installations are commonly used in ventilation systems of vehicles and submarines for 

carbon dioxide and carbon monoxide reduction to carbon, and bringing the oxygen back to the 

ventilated zone. 

2. Physical adsorption; 

In this type of systems adhesion of molecules of particles to the surface appears, in contrast to the 

process, described in the previous method. Adsorbents usually have large porous surfaces, 

exposed to the incoming airflow. 

3. Chemisorption; 

This method of air cleaning is based on the chemical reaction between the pollution compound 

and chemisober. 

4. Catalysis; 
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This method for air cleaning is also based on the chemical reactions, in which contaminants break 

dawn into smaller molecules. 

3.2 Office spaces 

The indoor environment of offices should allow employees to worker in good conditions. A bad indoor 

environmental quality (IEQ) can have negative effects on the work, because of psychological factors, and 

on the health of the employees. 

One of the most telling psychological factors, related to the modern work, environment may be embodied 

in a factor listed by McDonald in 1984. He found the fact that workers have little or no control over 

regulation of temperature, humidity and lighting at their work location was a common problem relative to 

working conditions (19). Indeed, if an occupant of a room cannot control the temperature of the room, he 

complains; however, if he thinks he can control it, thanks to a fake thermostat, he stops complaining. The 

human being needs to know he can control his own environment. 

The comfort of workers is not the only reason to have a good IEQ. As people spend 80 to 90 % of a day 

inside buildings (20), the IEQ has a major impact on human health. When temperature and humidity 

exceed accepted comfort parameters, they negatively impact air quality and thus health. We now know 

that temperature and humidity can also have an effect on contaminants that may affect health (19). 

Moreover, lower rates of sick building syndrome (SBS) symptoms have been reported in ventilated 

buildings with important occupant control of the indoor environment (21). 

The IEQ is determined by the indoor air quality (IAQ), lightning, and thermal climate, which includes 

temperature and relative humidity (RH). 

3.2.1 Indoor air quality 

The requirements for IAQ shall be determined regarding the supposed use of the room. The air must not 

contain pollutants in a concentration resulting in negative health effects or unpleasant smell (22). 

3.2.1.1 Indoor air problems 

Sick Building Syndrome is a worldwide and complex problem. First this term was used for description of a 

set of various syndromes, experienced by the people, working in a building with conditioned indoor 

environment, as well as in buildings with natural ventilation (19).  

SBS can be caused by the presence of particles and of vapor and gases, which are considered as pollutants.  

Particles include: Respirable particulates (10 microns or less in size); Tobacco smoke-solid and liquid 

droplets-as well as many vapors, odors, and gases; Asbestos fibers; Allergens (pollen, fungi, mold spores, 

animal dander, insect parts and feces); Pathogens (bacteria and viruses). 

Vapor and gases include: carbon monoxide (CO); formaldehyde (HCHO); odors; radon (decayed material 

becomes attached to solids); other volatile organic compounds (VOCs); nitrogen oxides (NO and NO2). 

SBS includes different types of symptoms, for example headache, mostly health injuries. 

A sufficient IAQ is achieved thanks to a ventilation system which controls the amount of pollutants in the 

air. In an environment with a good IAQ, SBS is less likely to appear. 

3.2.1.2 Ventilation 

The Swedish building regulations (BBR) recommend that ventilation systems shall be designed for a 

minimum outside air flow corresponding to 0.35 l/s per m2 of floor area; used rooms shall have a 

continuous change of air. When the building is unoccupied, the supply air flow can be reduced. After a 

period of reduced air flow and before the building is reoccupied, normal air flow should be provided at 

least for a period in which a complete change of the volume of air in the room is achieved. 
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Moreover, there are limits from the calculated air velocity. It should not exceed 0.15 m/s during the 

heating season, and air velocity from the ventilation systems should not exceed 0.25 m/s at other times of 

the year (22). 

3.2.2 Thermal climate 

Thermal comfort is affected by several factors, which can be environmental factors, e.g. air temperature, 

humidity, air velocity, as well as non-environmental factors such as clothing, gender, age, and physical 

activity (23). A good thermal climate is achieved by the efficient regulation of temperature and relative 

humidity. 

The Swedish building regulations (BBR) recommend that the minimum directional operative temperature 

in buildings is estimated at 18 °C in habitable rooms and workrooms, and 20 °C in sanitary 

accommodations and care premises. Moreover, the difference in directional operative temperature at 

different points in one area is calculated at a maximum of 5 K. Finally, the surface temperature of the 

floor beneath a room is calculated at a minimum of 16 °C (in sanitary accommodations at a minimum of 

18 °C) and a maximum of 26 °C (22). 

In addition to this minimum of temperature, ASHRAE Handbook recommends rages of temperature and 

relative humidity for winter and summer and ventilation characteristics for different categories of areas 

which can be found in offices, as showed in Table 3. 

 Indoor design conditions Ventilation 

Category 
Temperature 

in winter 

(°C) 

Temperature 

in summer 

(°C) 

RH in 

Winter 

(%) 

RH in 

Summer (%) 

Combined 

outdoor air 

(L/s.person) 

Occupant 

density   

(per 100 m2) 

Outdoor 

air 

Office 

areas 
20.3 to 24.2 23.3 to 26.7 20 to 30 50 to 60 8.5 5  

Receptio

n areas 
20.3 to 24.2 23.3 to 26.7 20 to 30 50 to 60 3.5 30  

Cafeteria 21.1 to 23.3 25.8 20 to 30 50 4.7 100  

Kitchen 21.1 to 23.3 28.9 to 31.1 No humidity control   

3.5 

L/s.m2 

(exhaust) 

Toilets 22.2 Usually not conditioned   

35 

L/s.unit 

(exhaust) 

Table 3 Typical recommended indoor temperature, relative humidity, and design criteria 

for ventilation and filtration for offices buildings (23) 

According to recent studies, higher temperatures of the accepted temperature ranges can affect mental 

acuity and are related to the appearance of some SBS symptoms. Moreover, inappropriate and non-

uniform heating or cooling can contribute to poor IAQ, as well as high temperatures and RH. Therefore, 

lower temperatures and adapted control of RH increase the productivity and health of workers (19). 

3.2.3 Light 

Good lighting conditions are an important factor for proper IEQ. This section defines requirements for 

good lighting conditions and describes artificial lighting problems.  

Three types of light are used to define lightning conditions. Among them are: 



-21- 
 

− Direct daylight: Light through windows directly from outside. 

− Direct sunlight: Non-reflected sunlight in rooms. 

− Indirect daylight: Light from outside which enters the room, other than through the window. 

The design and the orientation of rooms in buildings in frequent use by human beings have to give access 

to direct daylight, if the room's intended use is not compromised (22). 

The lighting load in an office building can be a significant part of the total heat load. Lighting and normal 

equipment electrical loads average from 10 to 50 W/m2 but may be considerably higher, depending on the 

type of lighting and amount of equipment. Buildings with computer systems and other electronic 

equipment can have electrical loads as high as 50 to 110 W/m2 (23). 

3.2.3.1 Artificial light problems 

Poor lighting conditions can cause eye strain, irritation, and headaches, and may increase sensitivity to 

certain contaminants. Visual stress may come from insufficient contrast in the material, brightness, glare 

and inappropriate light levels (19). 

Brightness is determined by the relative amount of light available at the work surface in relation to the 

level of illumination in the field of view. The eyes functions most comfortably and efficiently when the 

brightness relationships are not excessive. The light at the desk surface, for example, should not be more 

than three times the level of light immediately around the desk. A desk lamp which is being used in a dark 

room exceeds the recommended brightness ratio and reduces eye comfort and efficiency. 

A good control of the artificial light is crucial for a good IEQ. 

3.3 Solar systems 

Energy from the Sun can be collect to produce electricity or heat. Nowadays, electricity is produced 

thanks to the Sun energy via photovoltaic systems, and heat is produced via solar thermal system. These 

two types of systems are usually separate, even though more and more studies try to combine both 

systems in one (24). The state of the art of photovoltaic systems and solar thermal systems are presented 

in the following sections. 

3.3.1 Photovoltaic systems 

Solar photovoltaic systems (PV) are one of the two main kind of solar energy. Being made of 

semiconductor materials, PV cells produce direct electricity current, which after transformation can be 

utilized by electricity loads.  

Run by the free energy source, PV installations were the fastest growing renewable energy systems 

worldwide during last ten years (25). Several types of PV systems are common nowadays. Among them 

are: grid-tie, grid-tie battery back-up, stand alone and PV direct.   

The simplest PV system, available nowadays, is a PV direct system. In such installations electricity 

consuming device is directly connected to the PV panel. Care should be taken to match the voltage and 

amperage output of the PV panel and the device.  
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Figure 1 Block diagram of a PV direct system (26) 

Grid-tie systems are also known as intertied and can be used in the sites with stable and reliable power 

supply. Including on battery, such a system does not provide electricity back up. Figure 2 represents basic 

principles of a grid-tie system structure. 

 

Figure 2 Block diagram of a grid-tie PV system (26) 

In contrast with no battery systems, grid-tie PV systems with battery back-up provides required load to 

the system, when there is a demand, in case if the main grid is down. The main differences from grid-tie 

systems and a typical battery location are presented on Figure 3. 
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     Figure 3 Block diagram of a grid-tie PV system with battery backup (26) 

To run properly a system, involving stand-alone PV facility, a large energy storage should be constructed. 

Amount of PV panels should be big enough to supply the required amount of electricity to the system, as 

well as recharge the battery, in order to satisfy system’s demand, when sun energy is not available. Often 

such systems are completed with another power generator, run by another renewable energy resource, 

such as hydro or wind power. Block diagram of a stand-alone system is presented on Figure 4.  

 

Figure 4 Block diagram of a grid-off or stand-alone PV system (26) 

Since the PV facility, which is currently being installed on the roof top of Magasin 6 is designed as a stand-

alone system, further literature review focuses on such type of PV systems. 

Stand-alone systems are also available in two types: with and without battery (energy storage). In the 

facilities without a battery, produced direct current is straight consumed in the system. In order to supply 

required amount of electricity in the times, when solar energy is not available, such systems should also be 

connected to a grid or have an alternative power generator, powered by another renewable resource or 

fossil fuels.  

In order to save electricity, produced by PV panels during the time, when there is no demand in the 

system, energy storage should be constructed. Main functions of this storage are (27): 

− Save excess energy and provide it to the system, when there is a demand; 
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− Stabilize current and voltage; 

− Provide surge current, when required. 

For proper operation, a strict control over PV facility should be maintained. Performance parameters 

should be recorded and deeply studied in order to define if there is a mistake in the operation of the 

system and check, if it works on its optimal productivity. Separate control of each component of the 

system can benefit into system’s improvement and increase electricity production (28).  

Several problems can appear, when using a PV stand-alone system. For example, such systems cannot be 

applied for all type of loads, as well as low efficient loads may lead to an increase of energy consumption. 

In times of no load demand, produced energy is wasted in no-battery installations, while during start-ups 

system can be overloaded for a while due to current spikes (29).  

All the recommendations, studied during the literature review are further used in the PV modeling and 

evaluation of the simulation results. 

3.3.2 Solar thermal systems 

Solar water heating (SWH) systems provide environmentally friendly heat for domestic hot water (DHW), 

space heating, and swimming pools heating. The sun’s energy is collected by heating a fluid inside a 

collector. The heat is then transferred directly or indirectly to the use.  

In the contrary of direct circulation systems in which household water circulates directly through the 

collectors, a non-freezing heat transfer fluid circulates through the collectors in indirect circulation 

systems; the heat is then exchanged from the fluid to the domestic water via a heat exchanger. Indirect 

systems are popular in climates prone to freezing temperatures. 

The components of a solar water heater system are solar collectors, storage tank, and circulating pumps 

and controls for active systems (passive systems work without this added equipment). Active systems are 

more efficient and more expensive than passive system, and they can be used in areas where the 

temperatures go often below freezing point. However, passive systems are more reliable, last longer and 

do not require much maintenance. 

Three types of solar collectors are used for residential applications: flat-plate, integral collector-storage 

(ICS), and evacuated-tube collectors or concentrated collectors. The absorbing surface of flat-plate 

collectors is approximately as large as the overall collector area that intercepts the sun's rays. They can be 

glazed or unglazed. A scheme of a glazed flat-plate collector can be seen in Figure 5. Flat plate collectors 

are the most common solar collector for solar water heating systems in homes and solar space heating 

(30). 

 

Figure 5 Glazed flat-plate collector scheme (31) 

 ICS are made of one or more black tanks or tubes in an insulated, glazed box. Cold water first passes 

through the solar collector, which preheats the water, and then continues to the conventional backup 

water heater. ICS cannot be installed in cold climates because the outdoor pipes could freeze in severely 

cold weather.  
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Concentrated collectors have large areas of mirrors or lenses which focus the sunlight onto a smaller 

absorber, usually made of parallel rows of transparent glass tubes. Air is removed between the glass tube 

and the fluid pipes to eliminate convective and conductive losses. They are the most efficient type of 

collectors and are usually used for industrial applications. 

The collector is placed on the roof of the building in which the DHW will be used. However, if there is a 

lack of non-shadowed place or if the roof does not have an appropriate slope, the collector is placed on 

the ground near the building. Regarding the maintenance of collectors, glazing may need to be cleaned in 

dry climates where rainwater does not provide a natural rinse (32). 

Sizing a SWH system involves determining the total collector area and storage volume needed to provide 

90 % to 100 % of hot water needs during the summer, and eventually during the spring and fall. From 

Swedish requirements for DHW in offices (33), the average consumption of hot water in offices is equal 

to 2 kWh/m2.year. 

The annual solar fraction is an important parameter when sizing a SWH system. The annual solar fraction 

f takes into account the energy to produce the domestic hot water required by the load including losses 

and necessary energy to run pumps as well as the saved energy by the collectors. Its calculation is based on 

equation [2] (34): 
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,  [2] 

 

Where Qaux-nonsolar: Required auxiliary energy to meet the load without solar collectors [kWh/year]; Qaux-

solar: Required auxiliary energy to meet the load with solar collectors [kWh/year]; Qpumps: Required energy 

to run all the pumps in the system [kWh/year]. 

Some assumptions can be made for the dimensioning of a SWH system in Stockholm. The average cold 

water temperature in the taps is 8.5 °C (35). The hot water is assumed to be heated up to 60 °C for 

legionella avoidance (c.f. 3.3.2.1 Legionella issues). The conventional flat-plate collector flow rate is in the 

range of 5 – 10.8 kg/h.m2 to maximize the annual solar fraction (36). The solar collectors are placed at a 

40° tilt from horizontal, which maximizes the annual solar fraction in Lund, Sweden (36). The cold 

Swedish climate has to be taken into account when a SWH system is installed: the solar storage is placed 

indoors and a freeze protection medium runs inside the collector circuit. 

Even though annual utility costs for solar water heaters are 50 % to 85 % lower than those for electric 

water heaters (31), one of the biggest obstacles to economic profitability of solar water heating systems is 

the investment cost. The installation cost of forced circulation systems used in cold climates can represent 

up to 50 % of the total investment cost depending on the size and type of system. Also, the solar storage 

is one of the most expensive components in a solar water heating system (36). When a new SHW system 

is installed, the installation and material costs can be both reduced by retrofitting existing domestic hot 

water heaters; this has been shown in a study on retrofitting DHW systems in Sweden by Bernardo, 

Davidsson, and Karlsson (37). The main conclusion of this article is, considering the assumptions exposed 

above, the highest annual performance of 50.5 % is achieved by the retrofitting configuration using the 

retrofitted tank for solar hot water storage and connecting it in series with a new small auxiliary heater 

storage tank. Hence, the larger tank works at lower average temperatures while the new smaller and well 

insulated tank works at higher average temperatures. This increases the solar contribution and reduces the 

heat losses. The performance of this retrofitting system is comparable with the performance of a stand-

alone standard solar thermal system with the same collector area, while the retrofitted system has the 

potential to have a lower investment cost. 

3.3.2.1 Legionella issues 

Legionellosis is a collection of infections that emerged in the second half of the 20th century, and are 

caused by Legionella pneumophila and related Legionella bacteria. The severity of legionellosis varies from 
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mild febrile illness to a potentially fatal form of pneumonia.  Anyone can be affected by legionellosis, but 

the principal victims are susceptible due to age, illness, immunosuppression or other risk factors, such as 

smoking. The major natural reservoir for legionellae is water, and the bacteria are found worldwide in 

many different natural and artificial aquatic environments, such as cooling towers; water systems in hotels, 

homes, ships and factories; respiratory therapy equipment; fountains; misting devices; and spa pools (38). 

When a water heating system is installed, it is of great importance to design it so that the risk of legionella 

bacteria growth is reduced at a minimum acceptable level.  

It is known that legionella bacteria grow between 20 °C and 50 °C with maximum growth between 32 °C 

and 42 °C and dies above 60 °C after a certain period of exposure. E.U. directives concerning legionella 

prevention are very general. In accordance with EN 806-2, temperature of hot water in the hot water pipe 

work should not go below 50 °C (38). 

The Swedish industry regulations recommend performance of weekly thermal disinfection at 60 °C during 

10 min, if water is stored at lower temperatures than 60 °C. Hence, a retrofitting system should be well 

protected against a dangerous level of legionella growth if the following guidelines are followed: the 

auxiliary heater volume is kept at 60 °C; the hot water temperature is available at the higher than 50 °C 

and lower than 60 °C; heat up the whole storage volume to 60 °C during 20 min if the temperature of the 

retrofitted tank was below 60 °C during a period of one week; the domestic hot water system should, 

during a maximal period of six hours, be able to heat up 10 °C cold water and deliver two times 140 liters 

of 40 °C water in one hour. This is the equivalent to being able to provide, every six hours, 9.75 kWh 

during one hour (36). 

3.4 Ground source heat pump 

This section present the state of the art of heat pump technology, with a focus made on ground source 

heat pump dimensioning. 

3.4.1 General framework 

The basic principle of a heat pump is “free” energy from a heat source at low temperature is “pumped” to 

a heat sink at higher temperature where it is used for heating purposes. A heat pump system can also be 

used as refrigerating unit, in which the heat is pumped from a high temperature to a lower. Some heat 

pump system can be used efficiently both for heating and cooling purposes (39). 

Several types of heat sources for heat pump exist nowadays. They can be ranged as follow: sources 

without seasonal storage (ambient air); sources with seasonal storage capabilities (lake or sea water, ground 

water, ground soil, rocks); and waste heat source (exhaust air, sewage water, industrial waste water). The 

capacity of the heat pump depends strongly on the type of heat source, as it can be seen in Table 4. 
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Type of heat 

source 

Most common capacity range 

(kW) 
Application Dominant region 

Ambient air 3 - 40 
Heating and 

cooling 

Southern and central 

Europe 

Exhaust air 2 - 3 Heating Sweden 

Rocks 5 - 100 
Heating and 

cooling 

Northern and central 

Europe 

Ground soil 5 - 25 Heating 
Northern and central 

Europe 

Lake and sea 

water 
15 - 1000 Heating  

Waste heat 1000 - 10000 Heating  

Table 4 Types of heat sources, size ranges and common use in Europe (39) 

Air source HP is not common in multifamily houses and large buildings in Sweden and in Nordic climate 

because of two main reasons. First, the large range of temperature over the year decreases the efficiency of 

the HP; second, the capacity of the HP is the lowest when it is the coldest outside, thus it is necessary to 

combine the HP with a supplementary heat source. Exhaust air source HP is very common in Sweden in 

buildings with controlled evacuation of ventilation air. Lake and sea water source HP and waste heat 

source HP have very large heating capacity and are used for district heating and industrial purposes (39). 

HP with seasonal storage is the most common type of HP in Sweden: more than the half of heat pumps 

in operation in Sweden nowadays is HP with rocks source or lake, sea water or ground water source (40). 

The almost constant temperature of the ground and the water and the capacity range make this type of 

HP very attractive for building heating in Northern climate where the heating demand is higher. 

Ground source HP implementation is investigated in this report; consequently its operation is more 

detailed. A ground source heat pump system is composed by three loops: a primary loop and two 

secondary loops. The primary loop is called the heat pump and contains the primary refrigerant, a 

compressor, a condenser, an expansion valve and an evaporator. The first secondary loop is the heat 

exchanger (HX) placed in the ground (vertically or horizontally in our case) and is used to extract (or 

reject) the heat from the ground in the heating (cooling) mode. The other secondary loop is connected 

with the radiators (or HVAC system) and is used to heat (or cool) the building. All elements described 

above can be found in Figure 6, which presents a scheme of a ground source HP with vertical heat 

exchangers. 
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Figure 6 Scheme of a ground source heat pump used for space heating (41) 

This type of heat pump, ground source with vertical HX, is further studied as it has a great importance in 

this project. 

3.4.2 State of the art of dimensioning a heat pump system 

Several steps constitute the dimensioning of a heat pump system. First, the primary loop has to be 

calculated; second, the HX secondary has to be dimension, as well as the HX pumping power; third, the 

financial estimate of the system has to be made. This section explains briefly these different steps. 

3.4.2.1 Calculation of heat pump primary loop 

The primary loop and be modeled considering the following assumptions and equations. From literature 

(42), a seasonal performance factor SPF1 of 3.5 can be assumed for the heat pump. It can also be assumed 

that it will remain constant during the year, since the temperature of the ground will not vary considerably. 

The SPF1 of the HP is expressed in equation [3], which allows calculating the compressor power: 

#�$%&,� =	
�()
	*(+� �

= 3.5,  [3] 

 

The SPF1 of the HP system, taking into account the HX, is calculated with the following equation: 

#�$� =	
�()

*(/,01�	*(+� �
,  [4] 

 

Where 2�( : total heating power demand [W]; 	(&,%3: HX pumping power [W]; 	(4567: compressor power 

[W]. 

Common assumptions are used to estimate the number of working hours of the HX pump and the 

compressor: the HX pump is working all the time (because the HX working fluid needs to circulate 

continuously); the compressor is working only when there is a need for heating or cooling. 



-29- 
 

When the HP is reversible, the SPF2 of the HP, which considers the refrigerating effect, can be calculated 

with equation [5]. From equation [4], the compressor power is calculated. Then the SPF2 of the HP 

system is calculated with equation [6]: 

#�$%&,8 =	
�(9
	*(+� �

= #�$%&,� − 1 = 2.5,  
[5] 

 

#�$8 =	
�(9

*(/,01�	*(+� �
,  [6] 

 

Where 28( : total cooling power demand [W] (39). 

3.4.2.2 Heat exchanger dimensioning 

The dimensioning of the borehole HX includes the depth, the configuration (the area), and the diameter 

of the boreholes. Moreover, the power used in the pump to circulate the secondary fluid has to be 

calculated in order to calculate the COP of the HP system. 

A heat pump is usually sized to cover 85 to 90 % of total energy demand, means to cover 50 to 60 % of 

the maximum power demand. To complete the demand, on the coldest days, an auxiliary heater is used 

(39).  

3.4.2.2.1 Calculation of pumping power of heat exchanger 

The electricity pumping power for the secondary refrigerant in the HX is calculated thanks to the 

calculation of the pressure drop in the boreholes tubes. The pressure drop is due to friction of the flow in 

the tubes and can be estimated with equation [7]: 

∆<= =	�� ∗ 	? ∗ @8 ∗ �/B,  [7] 

 

Where ∆pf: pressure drop [Pa]; f1: friction factor; ρ: density of the HX secondary refrigerant [kg/m3]; w: 

secondary refrigerant flow velocity in the HX tubes [m/s]; L: total borehole length [m]; d: HX tube 

diameter [m]. 

The total borehole length is calculated as two times of one Borehole depth plus the average length of the 

main distribution pipe.  

The friction factor for turbulent flow is calculated with the Blasius relation (equation [8]):  

�� =
C.�DE
F�G.9H

,  [8] 

 

Where Re: HX secondary refrigerant Reynolds number. 

The pumping power for the HX is then calculated with equation [9]: 

	(&,%3 = 	I<= ∗ J( /K&,  [9] 

 

Where		(&,%3: HX pumping power [W]; J( : total HX secondary refrigerant volume flow [m3/s]; ηP=0.5: 

pump efficiency (39). 

3.4.2.2.2 Calculation of vertical heat exchanger 

Vertical ground rock systems use U-tube pipes positioned in a vertical borehole in the rock. One or 

several holes can be drilled in the rock, depending on the heating demand. This type of heat pump is 

popular in urban area in Sweden thanks to the relative small area needed. Moreover, the rock around the 
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boreholes acts as a seasonal storage and can be used as a source for cooling in summer. When the heat 

pump system is used for both heating and cooling purposes, the heap pump is said reversible. The 

reversibility of the HP is important for vertical HX: the heat taken from the ground during winter has to 

be “recharged” in summer.  

A good balance between heating and cooling demand is crucial to keep the secondary refrigerant 

temperature in the range of use. If the heating demand is too high compared to the cooling demand, the 

temperature of the ground decreases during the working period and thus secondary refrigerant 

temperature decreases and can achieve the freezing temperature. At that point, the HP is no more 

workable because the secondary refrigerant is frozen. If the cooling demand is higher than the heating 

demand, the ground temperature increases and an evaporation temperature is achieved, that can cause 

troubles to the HP system. 

3.4.2.3 Financial estimate 

The running costs correspond to the cost of the electricity consumed to run the HP system; that includes 

the HX pump and the compressor powers (in W). Common assumptions are used to estimate the number 

of working hours of the HX pump and the compressor: the HX pump is working all the time (because the 

HX working fluid needs to circulate continuously); the compressor is working only when there is a need 

for heating or cooling. The compressor working hours are calculated by dividing the energy demand 

(heating or cooling), in kWh, by the power demand, in kW (see [10]).  

LMN<OPQQMO	@MORSTU	ℎMWOQ = 	 ������	��6X��	[Z[\]
75^��	��6X��	[Z[]

,  [10] 

 

Finally, the running costs includes also, when needed, the complementary heating running cost. The total 

running costs with HP system are calculated as follow (see [11]): 

_�%& = `	(%3	7a67 ∗ ℎO%3	7a67 + 	(4567 ∗ ℎO4567c ∗ 	d7��4� + 	e% ∗ �f7��4�,  [11] 

 

Where 	(%3	7a67	: HX pump electricity power [kW]; ℎO%3	7a67: number of working hours of HX pump 

[h]; 	(4567	: HP compressor electricity power [kW]; ℎO4567 : number of working hours of HP compressor 

[h]; 	d7��4� : electricity price [SEK/kWh]; 	e% : complementary heating supplied energy [kWh]; �f7��4� ∶ 
complementary heating price [SEK/kWh]. 

The savings are equal to the costs of district cooling and heating minus the running cost of HP. 

The investment cost for boreholes are taken from real project cost from the EPAH heat pump best 

practices database (43) and are equal to 300 SEK multiplied by the total depth of the boreholes (in meter). 

This corresponds to the half of the investment of a HP with vertical HX, which is thus set to 600 SEK 

per meter (44). 

Finally, the payback period can be calculated by the investment cost divided by the savings. 
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4 Building modeling 

This paragraph presents the energy model of Magasin 6, created by the project group. In the first instance 

a short description of the building is given, and a brief analysis of its construction and systems’ 

arrangement is done, which is followed by the modeling process description. 

4.1 Building description 

Magasin 6 is located at Yttre Hamnpirskajen in Frihamnen. A picture of Magasin 6 can be seen on Figure 

7. The building under consideration has 6 floors, 2 of which are on the underground level. Ground floor 

has several loading doors. Additional loading doors are located at every building level on the Southern 

facade. Total area of the building is 31 000 m2. Each floor is divided into 4 parts of 1100 m2 and 1500 m2.  

 

Figure 7 Magasin 6, Southern and Eastern facades (45) 

The upper floor of the building is an office zone on the perimeter, with a storing zone in the middle. Half 

of the office area has been renovated a year ago and now is occupied by the Mouli Clothing. The 

reconstruction of the other part is planned for the year 2013 and will be rented to different museums of 

the city and used as administration and masterpiece renovation rooms. Offices are also located on the 

second floor above the ground level, where a building restaurant is located. 

All the area available at the middle floors is a storing area.  

The two underground levels were built to provide cooling and freezing storage areas. All the appropriate 

required equipment has already been dismantled, except for the two rooms, which are rented out.  

4.1.1 Construction analysis 

The indoor climate inside the building is relatively stable due to the building walls, which are made of 

thick concrete beams. At the same time, for the same reason, any changes of the wall construction will 

become very costly.  

As a part of the building construction study, an infrared camera scanning was done by the project group. 

The pictures collected identified a number of weaknesses in construction of the building envelope. As it 

shown on Figure 8, thermal bridges exist around building windows and elevator shafts. Most visible air 

leakage is around the office windows on the upper floor, what can be easily seen on Figure 9.  
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Figure 8 North-east facade of the building 

However, as explained by the British Institute of Non-Destructive Testing (46), a certain amount of bias 

can appear when measuring thermal leakage of a building façade. When a thermogram of a building façade 

is taken from the ground, the light, which hits the infrared camera, is not equally reflected in the lower 

part and the upper part of the building, mostly around windows. Consequently, the temperature of the 

upper windows is not as high as shown in the picture, even if the leakage is still present. 

 

Figure 9 North facade of the building 

The difference of the activity level in each zone, together with uneven insulation distribution, plays a 

crucial role on heat leakage through the walls, which is presented on Figure 10. 



-33- 
 

  

Figure 10 Heat losses through the wall, North facade 

The renovation has already been done in one part of office zone at the upper floor. New occupants 

complain about too cold indoor environment, despite the new windows and other efficient measures 

taking during renovation. Another defect on the upper floor is poor roof insulation in non-renovated part. 

Isolation material used on the ceiling has shrunk with time, leaving open spaces between several insulating 

plates, Figure 11. 

 

Figure 11 Internal roof insulation in non-renovated office zone 

The building is equipped with 10 hoists, which are used to lift goods from ships to their storing places. 

Together with the goods, elevators bring cold air from the outside in winters and warm air during the 

summers, causing disturbance of the indoor climate. Another amount of undesired cold air enters the 

building space via exit doors, located on the ground floor, which lead to goods storage, and are open 

constantly during the day. This also causes huge heat loses, as can be seen on Figure 12.  
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Figure 12 Heat losses on the ground floor 

Above the door casings heaters are placed, and blow hot air downwards, creating so-called thermal 

curtain, but still temperature distribution is not even, air is much colder near the floor lever and warmer 

on the top, Figure 13. This project considers proposition of effective measures, in order to prevent 

undesirable airflows. 

 

Figure 13 Air temperature distribution on the ground floor 

4.1.2 Energy system and its performance 

Energy consuming system of Magasin 6 is represented by three main components: heating, cooling and 

electricity consumption systems. 

Heating demand of the project building is fulfilled by the district heating system. It covers the heating 

need of the office zones, storing and warehouse areas, as well as common rooms and toilets. Variations in 

the heating consumption within previous 4 years are presented on the Figure 14.  
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Figure 14 Variation in total annual energy heating demand and heat consumption per 

heated area 

The significant variations in the heating demand of the building can be explained with a constant change 

of tenants during the previous years. Different types of activities they had made a big influence on the 

energy system work and thus influenced its performance. A high increase on heating consumption in year 

2010 can also be explained with a relatively cold and long winter. 

Cooling is supplied only to the renovated offices upstairs and is provided by the district cooling system 

and further supplied by AHU to the office spaces. The system was implemented less than a year ago, so 

up to now no annual consumption data are available for analysis and presentation. After the renovation of 

the second part of the offices on the upper floor, that zone will also be connected to the district cooling 

system. 

The last big energy consuming system of the building is electricity system. Electricity within Magasin 6 is 

used for lighting needs, elevators run, office and auxiliary equipment operation. Figure 15 represents total 

annual electricity consumption by the building during previous 4 years.  

 

Figure 15 Variation in total annual electricity consumption 

The figure presents relatively stable electricity demand, with small variations, which can be explained by 

the tenants change and change of their activities. 
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4.2 Software modeling 

An energy model of the building is done using Design Builder software in order to evaluate and improve 

energy performance of the building under study. Accuracy of the model is judged according to 

correspondence between energy consumption by the main energy systems of the created model and the 

real consumption data, provided by the Ports of Stockholm representatives. 

4.2.1 Model design 

To create an accurate geometry of the building model actual building drawings of Magasin 6 are used. 

Sizes and heights of all the zones correspond to the real values, placement, shapes and parameters of all 

external door and windows are also consistent with the provided drawings. Care is taking to orientate the 

building model in accordance with the real location of the building. Figure 16 presents the building 

envelope of the model. 

 

Figure 16 Building envelope model 

4.2.2 Modeling assumptions 

During the modeling design several assumptions were made. The building is designed and constructed 

with a slightly curved side surface, but the building model is made with absolutely straight walls. Levels P0 

and P4 are assumed to have no slope in the height and are constructed according to the lowest heights. In 

order to simplify model and reduce the software simulation time, adjacent zones, having the same type of 

activity, are merged in one.  

Elevators shafts are modeled as through-openings, which strive from the lower underground floor to the 

last floor. Doors are placed on the elevator shaft on each floor and a specific schedule is applied on them 

in order to simulate the circulation of the outside air, caused by the motion of the elevators. 

Several data settings are applied to the entire building. Magasin 6 has a heavy and tight envelope. For that 

reason, the construction of the external walls was done in the software according to the actual walls 

thickness of 0.7 m and construction material brick (47). Glass fiber is set as insulation. Total U-value of 

external walls is 0.3 W/m2-K.  

Due to the lack of data and acknowledging the convening reconstruction of the roof due to the 

installation of PV panels, to model the roof of the building a software template for lightweight roof with a 
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U-value of 0.1 W/m2-K is used. This assumption is based and corresponds to the current Swedish 

standard for dwellings (48).  

Double glazed windows are used within the entire building and have a U-value of 2,8 W/m2-K (49). 

Exception is the renovated office zone at P4 level, where windows are designed in accordance to current 

requirements and have U-value of 1.3 W/m2-K (48). 

Table 5 represents all the main U-value of the building model.  

Surface U-value (W/m2-K) 

External Walls 0.3 

Roof 0.1 

Windows (old) 2.8 

Windows (new) 1.3 

Table 5 Main U-values of the building model 

The mechanical ventilation flow rate is set to 0.35 l/s-m2 (22). Infiltration rate ranges between the values 

of 0.1 – 2.0 (50), while the typically used value is 0.35 (51). As mentioned above, Magasin 6 is a heavy 

building with a tight envelope construction, so infiltration rate in the model is set at 0.25 ACH for the 

entire building, except for the level P0, where it is set to 1 ACH due to the fact that loading doors stay 

open during most part of the working hours and contribute to a higher infiltration rate. Underground 

levels are modeled as adjacent to the ground and thus have infiltration rate of 0.1 ACH. Elevators shafts 

qualify to 0.5 ACH.  

Due to the lack of data provided, variations and values of lighting level within the model building is 

designed according to SVEBY and ASHRAE recommendations. Lighting power in office zones and 

toilets equals to 12 W/m2 (33); in elevators, 10 W/m2; in storage and warehouse zones, 8 W/m2 (52). Care 

is taking to provide lighting with a proper operation schedule in all types of zones.  

Heating in the building is provided by hot water radiators and is on during the heating period from 

October to May. Cooling is provided by ventilation and is used only in the office zones, located on the last 

floor, and in one zone on the P3 level, where museum storage with controlled climate is located. The 

COP of the heating and cooling systems is set to 1 because district cooling and heating are used in the 

building. 

Indoor climate, activity types, occupancy schedules, lighting and equipment gains are set separately for 

each zone type, in accordance with the data, provided by the Ports of Stockholm. In case of lack of 

information, common values are used.  

Zoning within the model is presented by several standard types of rooms: 

− Storage; 

− Warehouse – “Church”; 

− Freezer; 

− Office; 

− Restaurant; 

− Toilet; 

− Elevator. 

Setting parameters for each zone correspond to the explanations given above. The only exceptions are 

two freezer zones, where proper indoor climate is provided by additional electricity load, according to the 
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fact that cooling equipment is used to fulfill food storing requirements. Table 6 shows input data, applied 

to different zones within study building. 

Type of zone 
Lighting 

(W/m2) 

Heating 

temperature 

(0C) 

Cooling 

temperature 

(0C) 

Internal 

gains 

(W/m2) 

Occupancy 

(person/m2) 

Storage 8 18 - - 0 

Church 8 16 - - 0 

Freezer 8 - - - 0 

Office 12 20 23 23 0.05 

Restaurant 12 20 23 43 0.1 

Toilet 12 20 - 5 0.1 

Elevator 10 - - - - 

Table 6 Input data to the different zones of the modeling building 

The requirement to the heating set-point is provided by building operator. Due to the lack of information, 

other data are taken from relevant literature in order to correspond to current Swedish building norms. 

This fact significantly reduces the degree of accuracy and relevance of the model. 

4.2.3 Simulation results 

After completion of the geometrical model of the study building, simulation of the building operation is 

done. Annual heating and electricity consumption levels from the simulation results are compared to the 

actual values for the previous year. This assumption is based on the fact that tenants’ activities has been 

changing constantly during several previous years and the average energy demand over several previous 

years does not represent the real levels of consumption. Table 7 presents the simulation results.  

  Real Case 2012 (kWh) Base Case (kWh) Error (%) 

Heating 1416728 1454682 3 

Cooling - 122235 - 

Electricity 1146515 1083621 -5 

Table 7 Base case simulation results 

The error of the results achieved has an acceptable percentage, which confirms the accuracy of the model. 

A model is considered as accurate if there is less than 5 % of difference between the model and the reality, 

which is the case here. Such an evaluation of modeling relevancy and accuracy is done due to the lack of 

input data and all the assumptions, made in the modeling, which also explains the error of the modeling 

with the lack of data.  

Since no real data about cooling consumption is provided by the building operator, simulation result is 

assumed to be correct, according to the correspondence of the data for heating and electricity 

consumptions.  

Given the fact that the other two office zones, located on level P4, are currently being under 

reconstruction, simulation for base case after the renovation is done. This simulation models the building 

has it will be after the renovation of these offices zones. The renovation within the model implies 

installation of new windows of the same type, which are already placed in Mouli offices and have U-value 

of 1.3 W/m2-K. Energy demand of the building after reconstruction completion is presented in Table 8. 
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  Base Case (kWh) Base Renovated Case (kWh) Difference (kWh) Difference (%) 

Heating 1454682 1433653 -21029 -1 

Cooling 122235 121163 -1072 -1 

Electricity 1083621 1083621 0 0 

Table 8 Base case model after renovation of office zones at level P4 

Since the Base renovated building model is based on the Base case model, which is proved to be accurate 

and represents the real building case, the results obtained for the Base renovated case are considered as 

real building case after renovation and used in further study on energy efficient measures for Magasin 6.  
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5 Measures of improvement 

Aiming to decrease energy demand of the building’s systems and its environmental impact, a range of 

improvement are studied. As well combinations of different measures are modeled and financially 

evaluated to give a better view of its feasibility.  

Measures concern both building construction improvement and energy system efficiency. But it should be 

kept in mind that accuracy of the modeling and its results is influenced by the amount of assumptions 

made during modeling process and thus might differ in case of implementation. 

Following paragraphs presents different improvement measures, influence they might have on energy 

demand of the building systems and economic feasibility of its implementation. Summary of unitary and 

total investment cost is presented in Table 1-1 in appendix. 

5.1 System demand improvement 

To decrease energy demand of Magasin 6 and lower energy cost, a range of effective measures are studied 

and evaluated.  

During the first discussion of the future project work, several measures of improvement were considered 

by project group to be studied. However, due to the lack of data available, it was not possible to evaluate 

them. Among these measures are: optimization of HVAC heat recovery system and fan work 

improvement. Another measure considered is CO2 control optimization. This measure is not applicable in 

the project due to the absence of the system in HVAC installation of the building. 

The following sections present simulation results and cost analysis of the effective measures studied. All 

the investigated measures are modeled separately and compared to the Base renovated case of the study 

building. Afterward, all the energy improvement measures are simulated in different combination in order 

to define most suitable optimization improvement for the building. 

5.1.1 Windows replacement 

A huge amount of heat is entering building envelope through windows in summer time, while in winter 

windows cause high heat loss from the building. Sunlight is another factor, which influences indoor 

climate and also enters to the building through the window openings. In order to control and stabilize 

indoor climate, make it more comfortable for tenants, three studies of different types of windows is done 

and presented in this subparagraph.  

The first study case, hereafter called W1 case, considers replacement of all the windows in the building 

with the latest modern efficient triple-glazed windows with U-value of 0.7 W/m2K. 

As it was noticed above, a part of the offices on the level P4 is currently being renovated. When the 

renovation is finished, all the windows will be replaced with double-glazed with U-value of 1.3 W/m2K. 

The second modeling case, hereafter called W2 case, considers renovation of the rest of the building 

windows with the same type of windows.  

Energy efficient windows prevent sun light from entering the building spaces and help to decrease cooling 

demand, but at the same time might increase heating demand in winter time. For that reason third study 

case is done, hereafter called W3 case. It involves the replacement of not-renovated windows with 

windows of the same type as in W2 case, but with a higher solar transmit ion factor. 

The influence of the suggested measures on the energy consumption of the building is presented in Table 

9. Results obtained are compared to Base renovated case. 
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Base Renovated  

Case (kWh) 
W1 Case  
(kWh) 

Difference 
 (kWh) 

Difference  
(%) 

Heating 1433653 1320145 -113508 -8 

Cooling 121163 145622 24459 20 

Electricity 1083621 1083621 0 0 

 
Base Renovated 

Case (kWh) 
W2 Case (kWh) Difference (kWh) Difference (%) 

Heating 1433653 1383035 -71647 -5 

Cooling 121163 121532 -703 -1 

Electricity 1083621 1083621 0 0 

 
Base Renovated 

Case (kWh) 
W3 Case (kWh) Difference (kWh) Difference (%) 

Heating 1433653 1350379 -104303 -7 

Cooling 121163 146434 24199 20 

Electricity 1083621 1083621 0 0 

Table 9 Influence of the different types of windows on the energy demand of the building 

systems 

As the results above show, W1 case has the biggest influence on the heating demand, decreasing it by 

almost 114 MWh per year, or 8 % of total amount. At the same time this case has the biggest increase of 

the cooling demand of more than 24 MWh per year, or 20 % of total amount. Implementation of W2 case 

slightly decreases heating consumption and saves over 71 MWh of heating per year, which corresponds to 

5 % of the total amount. As less heat can escape from the building with triple-glazed low U-value 

windows in summer, the cooling consumption increases to compensate the increased amount of internal 

gain which cannot go through the windows. In summer, windows with higher solar transmission let more 

sun heat enter in the building, thus the cooling consumption increases to fight these additional internal 

gains. 

In order to have better view of improvements feasibility, economical implementation of the cases 

discussed above is done. Calculations are done in accordance with the procedure described in the 

methodology chapter of the paper. Installation cost for windows in W1 case equals to 5070 SEK/m2 of 

installation (53). Price for windows in W2 and W3 cases is assumed to be the same and equals to 2840 

SEK per office window and 1660 SEK per storage window (54). Results obtained are presented in Table 

10 and Table 11 for electricity price of 0.65 and 1 SEK/kWh respectively. 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

W1 990109 116498 704354 1810960 65564 1414530 22 21549485 

W2 1037276 97226 704354 1838856 37668 851560 23 21296668 

W3 1012784 117147 704354 1834285 42239 851560 20 21245852 

Table 10 Financial comparison of windows replacement measures for electricity price of 

0.65 SEK/kWh 
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Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

W1 990109 116498 1083621 2190227 65564 1414530 22 25766326 

W2 1037276 97226 1083621 2218123 37668 851560 23 25513509 

W3 1012784 117147 1083621 2213552 42239 851560 20 25462694 

  Table 11 Financial comparison of windows replacement measures for electricity price of 

1 SEK/kWh 

As it can be seen from the results above, all the suggested cases have payback period higher than common 

life-time of windows. After financial estimation, it can be noticed that W2 case appears to have highest 

payback period due to the low total annual savings. Meanwhile W1 case, having biggest increase of cooling 

consumption, still performs biggest total annual savings, though life cycle cost is highest, which can be 

explained with high investment cost. W3 case has both the lowest payback period and life cycle cost. 

Final comparison of studied cases is done in accordance to the environmental impact, cause by CO2 

emissions to the atmosphere. Calculations are done in accordance with the procedure described in the 

methodology chapter of the paper. Results obtained are presented in Table 12 in comparison to Base 

renovated case. 

Study 
case 

Energy consumption, 
kWh/year 

CO2 emissions, ton 
CO2/year from 

Total Difference 

Heating Cooling El Heating Cooling El 
ton 

CO2/year 
ton 

CO2/year 

W1 1320145 145622 1083621 105612 1456 43345 150413 -8836 

W2 1383035 121532 1083621 110643 1215 43345 155203 -4046 

W3 1350379 146434 1083621 108030 1464 43345 152840 -6409 

Table 12 CO2 emissions caused by the energy consumption of the building in each 

window replacement case 

From the results above follows, that W1 case decreases environmental impact by almost 9000 ton CO2 per 

year. It is important factor to take into consideration in the nowadays conditions of increasing emissions 

taxes. 

5.1.2 Temperature set-point adjustment 

Since most of the storage zones are planned to be used as museum and archive storages and require 

special indoor conditions, temperature set-point change, which involves indoor temperature adjustment in 

offices and museum and archive storage, can be an efficient energy saving measure. The adjustment 

measures are only studied in office zones at the levels P0E and P4, also due to the fact that only these 

office zones have possibility to control indoor climate. 

According to building regulations of the Swedish Board of Housing, indoor temperature of the occupied 

zones is estimated at 18 0C (22). In connection with this, a simulation is done, where heating temperature 

in selected office zones is decreased from 20 0C to 18 0C and cooling temperature is increased from 23 0C 

to 24 0C. Hereafter this case is called T1 case. 

Since heating temperature of 18 0C might cause occupants inconvenience due to low level of activity, 

another case is studied. In accordance with SVEBY recommendations, heating temperature in selected 

office zones is left at 20 0C, while cooling temperature is increased from 23 0C to 24 0C (33). Hereafter this 

case is called T2 case. 

The influence of the suggested measures on the energy consumption of the building is presented in Table 

13. Results obtained are compared to Base renovated case. 
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Base Renovated 

Case (kWh) 
T1 Case  
(kWh) 

Difference  
(kWh) 

Difference  
(%) 

Heating 1433653 1378952 -54701 -4 

Cooling 121163 98943 -22220 -18 

Electricity 1083621 1083621 0 0 

 
Base Renovated 

Case (kWh) 
T2 Case  
(kWh) 

Difference  
(kWh) 

Difference  
(%) 

Heating 1433653 1430003 -3650 0 

Cooling 121163 106069 -15094 -12 

Electricity 1083621 1083621 0 0 

Table 13 Influence of the temperature adjustment on the energy demand of the building 

systems 

As the results above show, T1 case helps to save over 22 MWh of cooling, which corresponds to 18 % of 

the total amount, while heating decreases by almost 55 MWh, or 4 %. T2 case causes less inconvenience 

to the occupants, but saves about 15 MWh or 12 % of cooling and slightly influences heating demand. 

As for the previous set of measures, financial evaluation is done. Temperature adjustment requires no 

investment cost, since can be done by current technical personnel. Results are presented in Table 14 and 

Table 15 for electricity price of 0.65 and 1 SEK/kWh respectively. 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

T1 1034214 79154 704354 1817722 58802 - - 20210138 

T2 1072502 84855 704354 1861711 14813 - - 20699225 

Table 14 Financial comparison of temperature adjustment measures for electricity price 

of 0.65 SEK/kWh 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

T1 1034214 79154 1083621 2196989 58802 - - 24426979 

T2 1072502 84855 1083621 2240978 14813 - - 24916067 

Table 15 Financial comparison of temperature adjustment measures for electricity price 

of 1 SEK/kWh 

Since the studied measurements do not influence electricity consumption, no difference is seen in 

comparison for two different energy prices. While difference between two cases equals to 44000 SEK per 

year, decrease of heating set-point and increase of cooling set-point save over 58000 SEK, while only 

cooling temperature adjustment saves about 15000. 

Environmental impact by CO2 emissions for two study cases is presented in Table 16 in comparison to 

Base renovated case. 
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Study 
case 

Energy consumption, kWh/year 
CO2 emissions, ton CO2/year 

from 
Total Difference 

Heating Cooling El Heating Cooling El 
ton 

CO2/year 
ton 

CO2/year 

T1 1378952 98943 1083621 110316 989 43345 154650 -4598 

T2 1430003 106069 1083621 114400 1061 43345 158806 -443 

Table 16 CO2 emissions caused by the energy consumption of the building in each 

temperature adjustment case 

As the results above show, T1 case has lower environmental impact, which can be explained by lower 

energy consumption. 

Evaluating results of this set of measurements, it should be kept in mind that cooling set-point 

temperature is set in model in accordance with current building codes and norms, thus further 

investigation should be done, based on real temperature set-point values. 

5.1.3 Lighting improvement 

To be able to simulate the influence of the lighting improvement optimization, power density of light is 

changed from 12 W/m2 to 8 W/m2 in office zones and toilets; from 10 W/m2 to 8 W/m2 in elevators; 

and finally from 8 W/m2 to 6 W/m2 in the storing areas, except for the museum zone, which has 

controlled lighting level (52). Hereafter this case is called L1 case. The suggested measure involves lighting 

equipment improvement, and thus does not influence the change of lighting level. 

Another studied case involves decrease of density of light from 12 W/m2 to 10 W/m2 in office zones. The 

other changes correspond to the ones mentioned in L1 case. Hereafter this case is called L2 case. This 

case has been modeled to take into account the importance of lighting density in offices. 

The influence of the suggested measures on the energy consumption of the building is presented in Table 

17. Results obtained are compared to Base renovated case. 

 
Base Renovated 

Case (kWh) 
L1 Case 
(kWh) 

Difference 
(kWh) 

Difference 
(%) 

Heating 1433653 1520923 87270 6 

Cooling 121163 88359 -32804 -27 

Electricity 1083621 924057 -159564 -15 

 
Base Renovated 

Case (kWh) 
L2 Case 
(kWh) 

Difference 
(kWh) 

Difference 
(%) 

Heating 1433653 1500165 66512 5 

Cooling 121163 102616 -18547 -15 

Electricity 1083621 967910 -115711 -11 

Table 17 Influence of the lighting improvement on the energy demand of the building 

systems 

As it can be seen from the results, both suggested measures cause increase of heating demand, while both 

cooling and electricity demands decrease. It is due to the loss of heat gains emitted by the lamps. L1 case 

shows higher rate of energy saving of almost 33 MWh or 27 % for cooling and 160 MWh or 15 % for 

electricity. 

The investigated measurements involve placement of existing lamp by LED tube lamps. Investment cost 

for it is calculated in accordance to the amount of lamps required to fulfill lighting requirements in each 

type of the zone. Price for each LED tube lamp is 295 SEK (55). Financial comparison of two study cases 

is presented in Table 18 and Table 19 for electricity price of 0.65 and 1 SEK/kWh respectively. 
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Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

L1 1140692 70687 600637 1812017 64507 3587495 56 23734196 

L2 1125124 82093 629142 1836358 40166 3732340 93 24149680 

Table 18 Financial comparison of lighting improvement measures for electricity price of 

0.65 SEK/kWh 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

L1 1140692 70687 924057 2135436 120355 3587495 30 27330105 

L2 1125124 82093 967910 2175127 80665 3732340 46 27916240 

  Table 19 Financial comparison of lighting improvement measures for electricity price of 

1 SEK/kWh 

The results obtained for L1 case show highest annual savings among all other suggested measures, which 

can be explained with the highest electricity savings in this case. But due to high investment cost, both 

measures, suggested for lighting improvements, have long payback period, which is several times longer 

than life-time of the lamps suggested for installation.  

Environmental impact, caused by CO2 emissions, for both study cases is presented in Table 20 in 

comparison to Base renovated case. 

Study 
case 

Energy consumption, kWh/year 
CO2 emissions, ton CO2/year 

from 
Total Difference 

Heating Cooling El Heating Cooling El 
ton 

CO2/year 
ton 

CO2/year 

L1 1520923 88359 924057 121674 884 36962 159520 271 

L2 1500165 102616 967910 120013 1026 38716 159756 507 

Table 20 CO2 emissions caused by the energy consumption of the building in each 

lighting improvement case 

As the results obtained show, both case cause higher emissions of CO2 due to the higher heating 

consumption, which among other has the highest CO2 intensity. Nevertheless L1 case has lower 

environmental impact, since its implementation leads to higher decrease of cooling and electricity 

consumption, than L2 case. 

5.1.4 External shading 

Among all the types of shading, available nowadays, external shading is the most efficient, since solar 

warm does not enter the building (56). Impact of external shading installation on energy demand of the 

project building is simulated by modeling external blinds with high reflectivity slats outside windows of all 

the office zones and restaurant. The installation is assumed to be a screen marquis, which closes down 

vertically and covers the window in accordance with the set schedule. Two cases for external shading are 

studied. First case, hereafter called SHD1, involves operation time of the shading is controlled by indoor 

temperature, set to be equal to 20 0C.  Second case, hereafter called SHD2, involves operation time of the 

shading is controlled by indoor temperature, set to be equal to 22 0C.   

The influence of the suggested measures on the energy consumption of the building is presented in Table 

21. Results obtained are compared to Base renovated case. 
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Base Renovated 

Case (kWh) 
SHD1 Case  

(kWh) 
Difference  

(kWh) 
Difference  

(%) 

Heating 1433653 1430008 -3645 ~0 

Cooling 121163 118525 -2638 -2 

Electricity 1083621 1083621 0 0 

 
Base Renovated 

Case (kWh) 
SHD2 Case  

(kWh) 
Difference  

(kWh) 
Difference  

(%) 

Heating 1433653 1435659 2006 ~0 

Cooling 121163 116054 -5109 -4 

Electricity 1083621 1083621 0 0 

Table 21 Influence of the external shading installation on the energy demand of the 

building systems 

As the results above show, both cases influence mostly the cooling demand of the system, while heating 

demand is being slightly influenced. SHD2 case saves around 5 MWh per year of cooling, which 

corresponds to 4 % of the total cooling demand, while SHD1 case only 3 MWh or 2 %. At the same time 

SHD1 case saves around 1.5 MWh heating more, than SHD2 case. 

Same as for the previous improvement measures, financial comparison of two study cases is done and 

presented in Table 22 and Table 23 for electricity price of 0.65 and 1 SEK/kWh respectively. Price for 1 

m2 of external shading equals to 370 SEK, as well installation cost for each marquis equals to 400 SEK 

(57). 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

SHD1 1072506 94820 704354 1871680 4844 264453 55 21074512 

SHD2 1076744 92843 704354 1873941 2583 264453 102 21099656 

Table 22 Financial comparison of external shading installation measures for electricity 

price of 0.65 SEK/kWh 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

SHD1 1072506 94820 1083621 2250947 4844 264453 55 25291354 

SHD2 1076744 92843 1083621 2253208 2583 264453 102 25316498 

Table 23 Financial comparison of external shading installation measures for electricity 

price of 1 SEK/kWh 

Since both cases do not influence electricity consumption of the building no difference in annual savings 

and payback period is seen for two different electricity prices. 

As the results above show, implementation of external shading has unacceptable payback period, which 

can be explained by relatively low energy savings and high installation cost. Despite inexpediency of 

implementation of any of the cases, environmental impact calculation is done and presented in Table 24 in 

comparison to Base renovated case. 
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Study 
case 

Energy consumption, kWh/year 
CO2 emissions, ton CO2/year 

from 
Total Difference 

Heating Cooling El Heating Cooling El 
ton 

CO2/year 
ton 

CO2/year 

SHD1 1430008 118525 1083621 114401 1185 43345 158931 -318 

SHD2 1435659 116054 1083621 114853 1161 43345 159358 109 

Table 24 CO2 emissions caused by the energy consumption of the building in each 

external shading installation case 

As the results above show, SHD1 case decreases emissions of CO2 to the atmosphere by over 300 ton per 

year, while SHD2 case increases environmental impact of the system, related to CO2 emissions. It can be 

explained by the increase of heating consumption, in comparison with Base renovated case. 

5.1.5 Study of different combinations of improvement measures 

The real effect each of the improvement measure, studied in the previous subparagraph, may change if the 

measure is applied in a combination with another one. This subparagraph of the paper represents the 

results of different combinations of the investigated measures.  

Table 25 summarizes changes in setting parameters for each study case in comparison with the Base 

renovated case. 
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Study case Difference in setting parameters from the Base renovated case 

W1 
Replacement of all the windows with new ones with U-value 0.7 

W/m2K 

W2 
Replacement of old windows with U-value of 2.7 W/m2K with new 

windows with U-value 1.3 W/m2K with low solar transmit ion factor 

W3 
Replacement of old windows with U-value of 2.7 W/m2K with new 

windows with U-value 1.3 W/m2K with high solar transmission factor 

T1 
Decrease of heating set-point from 20 to 180C 

Increase of cooling set-point from 23 to 240C 

T2 Increase of cooling set-point from 23 to 240C 

L1 

Power density of light is changed: 

from 12 W/m2 to 8 W/m2 in office zones and toilets;  

from 10 W/m2 to 8 W/m2 in elevators;  

from 8 W/m2 to 6 W/m2 in storage spaces  

L2 

Power density of light is changed: 

from 12 W/m2 to 10 W/m2 in office zones;  

from 12 W/m2 to 8 W/m2 in toilets; 

from 10 W/m2 to 8 W/m2 in elevators;  

from 8 W/m2 to 6 W/m2 in storage spaces 

SHD1 
Installation of external shading on all the office windows and in the 

restaurant. Control: indoor temperature 200C 

SHD2 
Installation of external shading on all the office windows and in the 

restaurant. Control: indoor temperature 220C 

Table 25 Summary of investigated measures of improvning 

Table 26 explains investigated combinations of improvement measures. 
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Combination Windows case Temperature case Shading case Lighting case 

Combo 1 W3 T2 SHD1 L1 

Combo 2 W3 T2 SHD2 L1 

Combo 3 W3 T2 SHD1 L2 

Combo 4 W2 - SHD1 - 

Combo 5 W2 T2 SHD2 - 

Combo 6 W2 - SHD2 - 

Combo 7 W2 T2 SHD2 - 

Combo 8 - T2 SHD2 - 

Combo 9 W3 T2 SHD2 L1 

Combo 10 W3 T2 SHD2 - 

Combo 11 W3’+W2’ T2 SHD2 - 

Combo 12 W1 T1 SHD1 L1 

Combo 13 W1 T2 SHD1 L1 

Combo 14 W1 T2 - L1 

Combo 15 W1 - SHD1 L1 

Table 26 Description of combination cases of improvements 

Financial comparison of all the combination cases suggested is presented in Table 27 and Table 28 for 

electricity price of 0.65 and 1 SEK/kWh respectively. 

Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

Combo1 1105914 56899 600806 1763619 112905 4703508 42 24312110 

Combo2 1104122 57028 600684 1761834 114690 4703508 41 24292262 

Combo3 1086760 68704 629311 1784774 91750 4848353 53 24692165 

Combo4 1040451 94958 704354 1839762 36762 1116013 30 21571202 

Combo5 1037718 83223 704354 1825295 51229 1116013 22 21410348 

Combo6 1039733 95088 704354 1839175 37349 1116013 30 21564672 

Combo7 1036993 83320 704354 1824666 51857 1116013 22 21403361 

Combo8 1075585 81407 704354 1861346 15178 264453 17 20959615 

Combo9 1073642 66904 600684 1741229 135294 4703508 35 24063171 

Combo10 1010408 92878 704447 1807732 68791 1116013 16 21215083 

Combo11 1021630 88787 704354 1814771 61753 1116013 18 21293336 

Combo12 1030658 65221 600684 1696562 179962 5266478 29 24129513 

Combo13 1058009 66366 600684 1725060 151464 5266478 35 24446358 

Combo14 1043084 82054 600684 1725822 150702 5002025 33 24190379 

Combo15 1060033 77232 600684 1737949 138575 5266478 38 24589664 

Table 27 Financial comparison of combinations of improvement measures for electricity 

price of 0.65 SEK/kWh 
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Study 
case 

Energy cost, SEK/year Savings Investment PBP LCC 

Heating Cooling El Total SEK/year SEK years SEK 

Combo1 1105914 56899 924317 2087130 168661 4703508 28 27909030 

Combo2 1104122 57028 924129 2085279 170512 4703508 28 27888451 

Combo3 1086760 68704 968170 2123634 132157 4848353 37 28459736 

Combo4 1040451 94958 1083621 2219030 36762 1116013 30 25788044 

Combo5 1037718 83223 1083621 2204562 51229 1116013 22 25627190 

Combo6 1039733 95088 1083621 2218442 37349 1116013 30 25781513 

Combo7 1036993 83320 1083621 2203934 51857 1116013 22 25620202 

Combo8 1075585 81407 1083621 2240613 15178 264453 17 25176456 

Combo9 1073642 66904 924129 2064675 191117 4703508 25 27659359 

Combo10 1010408 92878 1083764 2187050 68741 1116013 16 25432481 

Combo11 1021630 88787 1083621 2194038 61753 1116013 18 25510177 

Combo12 1030658 65221 924129 2020007 235784 5266478 22 27725702 

Combo13 1058009 66366 924129 2048505 207287 5266478 25 28042546 

Combo14 1043084 82054 924129 2049267 206524 5002025 24 27786568 

Combo15 1060033 77232 924129 2061394 194397 5266478 27 28185852 

Table 28 Financial comparison of combinations of improvement measures for electricity 

price of 1 SEK/kWh 

As the results above show, combo8, 10 and 11 cases have lowest payback period and thus can be taken 

into consideration for implementation. Such a result can be explained with the fact that these 

combinations of effective measures do not include lighting improvement, which has highest investment 

costs.  

At the same time biggest financial savings can be achieved by implementations of the improvement 

combinations, which among others have lighting improvement solution, since it is the most efficient 

measure in term of energy saving per year. 

Environmental impact, caused by CO2 emissions, for all combination cases is presented in Table 29 in 

comparison to Base renovated case. 

  



-51- 
 

Study 
case 

Energy consumption, 
kWh/year 

CO2 emissions, ton CO2/year 
from 

Total Decrease 

Heating Cooling El Heating Cooling El 
ton 

CO2/year 
ton 

CO2/year 

Combo1 1474552 71124 924317 117964 711 36973 155648 -3601 

Combo2 1472163 71285 924129 117773 713 36965 155451 -3798 

Combo3 1449013 85880 968170 115921 859 38727 155507 -3742 

Combo4 1387268 118697 1083621 110981 1187 43345 155513 -3735 

Combo5 1383624 104029 1083621 110690 1040 43345 155075 -4174 

Combo6 1386311 118860 1083621 110905 1189 43345 155438 -3810 

Combo7 1382657 104150 1083621 110613 1042 43345 154999 -4250 

Combo8 1434113 101759 1083621 114729 1018 43345 159091 -157 

Combo9 1431522 83630 924129 114522 836 36965 152323 -6925 

Combo10 1347211 116097 1083764 107777 1161 43351 152288 -6960 

Combo11 1362173 110984 1083621 108974 1110 43345 153429 -5820 

Combo12 1374210 81526 924129 109937 815 36965 147717 -11531 

Combo13 1410679 82958 924129 112854 830 36965 150649 -8600 

Combo14 1390779 102567 924129 111262 1026 36965 149253 -9996 

Combo15 1413377 96540 924129 113070 965 36965 151001 -8248 

Table 29 CO2 emissions caused by the energy consumption of the building in each 

combination case 

As the results obtained show, all the combinations of the improvement measures lead to decrease of 

environmental impact, related to CO2 emissions due to production of the energy, utilized in the building. 

Based on the target that project customer – Ports of Stockholm – has, final decision regarding selection of 

combination of improvement measure can be taken. Striving to have lowest payback period, cases combo 

8, 10 and 11 can be chose. If the focus of building improvement lies in highest energy saving, then combo 

12 should be selected; this combo also involves the highest decrease in environmental impact in 

connection with CO2 emissions to atmosphere.  

5.2 Construction improvement measures 

The building owner detected several factors, which have negative influence on the museum and archive 

objects, stored in Magasin 6. Among them are daylight, which is coming inside the storing rooms through 

the windows and is extremely dangerous to the artifacts, and cold air from outside, which is pumped to 

the storing rooms by the elevators. This chapter presents suggested solutions for these problems. 

5.2.1 Windows solution 

Some areas of Magasin 6 are rented to museums to store paintings, ancient objects, archives, etc. As seen 

in the literature (c.f. 3.1.1.2), daylight can damage seriously the items stored by museums. The storage of 

some of these artifacts requires no exposure to daylight. On the other hand, the architecture requirements 

on Magasin 6 avoid any change of the external appearance of the building. More precisely, the windows 

cannot be sealed to protect the artifacts from daylight. 

Condensation can appear on windows which have a high U-value. The temperature at the indoor surface 

of the windows is thus very low, and sometimes achieves the condensing temperature, which is set by the 

relative humidity of the room. There are two ways to avoid condensation: increase the indoor surface 

temperature of the window, or decrease the relative humidity inside the room. If there is not actually 

HVAC system which controls the relative humidity, the cheapest solution is the first one. It can be done 
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by changing the windows to windows which have a lower U-value: less heat will pass through the 

windows, and the surface temperature will be higher. Cartons can still avoid daylight to enter in the room, 

without any condensation issues. 

This solution is strongly recommended, regarding the will to decrease energy consumption of the building. 

Indeed, HVAC system will increase electricity consumption, at the contrary of higher U-value windows 

which will decrease heating consumption, as shown in paragraph 5.1.1. Moreover, the investment cost of 

this solution is known (1660 SEK per storage window), as well as the effects on the energy consumptions.  

5.2.2 Elevators solution 

In order to prevent air flow from outside to the storing zones, caused by elevators operation, construction 

of closed buffer rooms is studied. Hereafter this measurement is called Buffer rooms case. 

The rooms are considered to have the same size as the elevators and placed by the doors to elevators on 

each level. This assumption is based on requirement for unload of good from elevator without having 

direct flow of air from elevator to the storing zone. The closed areas are designed as not-climatized zones, 

which mean that no additional heating and cooling equipment is installed. Figure 17 represents the 

solution on the underground floor. 

 

Figure 17 Construction around elevators 

Operation schedule is applied to the internal doors of the buffer rooms. Both doors of the elevator and 

the rooms are set to be open 5 per cent of total building operation time. It is assumed that both doors are 

never open in the same time, since due to the limitations of the software used, it is not possible to model 

difference in opening of the elevator doors and the doors to the buffer rooms. Table 30 represents 

simulation results of the construction. 

Base Renovated Case 
(kWh) 

Buffer rooms 
Case (kWh) 

Difference 
(kWh) 

Difference 
( %) 

Heating 1433653 1426839 -6814 -0.48 

Cooling 121163 121042 -121 -0.10 

Electricity 1083621 1083621 0 0 

Table 30 Buffer-rooms construction simulation results 
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As the results show, such a measure can help to decrease heating demand of the building by almost 7 

MWh per year and has a slight influence on the cooling load, what in its order meets the requirement of 

such a measure. Limitation of this solution lies within the capabilities of Design Builder software, used for 

this modeling, which does not provide précised airflow modeling function. 

For better understanding of feasibility of such a measure, financial evaluation is done in accordance with 

the procedure, described in the relevant methodology chapter of the paper. 

The construction of the wall is suggested to be made as double plasterboard wall with an air gap between 

layers. Investment cost for the walls construction is calculated in accordance with the required 

construction area of 494 m2, price for plasterboard sheets is 70 SEK/sheet (58), which gives investment 

cost of 24033 SEK. Labor cost of installation is not included in the price. 

Table 31 represents the energy cost for the Base renovated case and Buffer-rooms implementation case, as 

well as savings, which can be achieved with this construction. Calculations are done in accordance with 

the procedure, described in the relevant chapter in methodology and for electricity price of 0.65 and 1 

SEK/kWh. 

 

Energy Cost, SEK/year Energy Cost, SEK/year 

Savings, 
SEK 

El price 0.65 SEK/kWh El price 1 SEK/kWh 
Base 

Renovated 
Case (kWh) 

Buffer 
rooms Case 

(kWh) 

Base 
Renovated 
Case (kWh) 

Buffer 
rooms Case 

(kWh) 

Heating 1075240 1070129 1075240 1070129 5111 

Cooling 96930 96834 96930 96834 97 

Electricity 704354 704354 1083621 1083621 0 

Table 31 Energy cost and savings for Base renovated case and Buffer rooms case 

Since the construction of the buffer rooms does not influence electricity consumption, thus does not 

contribute total financial saving, this value is calculated only for the actual price for electricity of 0.65 

SEK/kWh. 

Payback period can be found as a ratio of total investments and annual savings, and equals to 5 years. 

Together with the estimated energy saving, it shows a reasonable ground for implementation of this 

measurement, which primarily will help to solve the problem of undesired outside air flows. 

Environmental impact, caused by CO2 emissions, for Buffer room case is presented in Table 32. 

Study 
case 

Energy consumption, 
kWh/year 

CO2 emissions, ton CO2/year 
from 

Total Decrease 

Heating Cooling El Heating Cooling El 
ton 

CO2/year 
ton 

CO2/year 

BRM 1433653 121163 1083621 114692 1212 43345 159249 - 

Buffer 
rooms 

1426839 121042 1083621 114147 1210 43345 158702 -546 

Table 32 CO2 emissions caused by the energy consumption of the building with buffer 

rooms in comparison Base renovated case 

As the results above show, construction of buffer rooms in front of elevators helps not only to save 

energy and decrease its cost, but also decrease environmental impact of the building, thus can be 

recommended for implementation.  
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6 On-site renewable implementation 

The ports of Stockholm, as the owner of Magasin 6, are very interested in further on-site renewables 

implementation for energy supply within the building. For that reason the investigation of available 

resource is done and presented in this chapter. 

One of the renewable energy resources available on site studied in this report is solar energy. Investigation 

of two solar-driven systems is done in this project: PV system for direct electricity production; solar 

thermal for onsite DHW production. The second on-site renewables production system implementation 

investigated is ground source heat pump. 

The following subchapters represent the results of the study. Modeling of the renewable energy driven 

systems is done for Base renovated case, as well as most efficient combinations of improvement measures. 

6.1 Photovoltaic system 

As it was noticed in the introduction to the project, a photovoltaic project “Solcellsanläggning Magasin 6” 

was done by Energibanken, Jättendal AB and as the result a roof PV facility will be installed on the top of 

Magasin 6 in the summer 2013.  

In the end of the installation, a PV facility will appear on the top of Magasin 6 and will cover 2200 m2 of 

its roof. The facility will consist of 2 parts. One of them will be tilted to the south-east and pitched at 5 

degrees. Another one will be tilted to the south and pitched at 15 degrees (59). Such decision is based on 

the shading study, done specially for this project, in order to determine appearance of shadows during the 

day within the whole year. No modules will be placed in the areas where shading may influence 

performance of the PV modules. 

Figure 18 shows the placement of the PV modules. In green color are shown modules tilted to the south-

east, in blue the modules tilted to the south.  

 

Figure 18 Location of the PV modules (59) 

Installation will have power of 245 kW and produce 200 MWh per year, which is expected to cover 

around 15 % of the building electricity demand. PV system will not be connected to the grid. All electricity 

produced will be used direct on the site. No storage is planning to be built. 

6.1.1 Modeling assumptions 

Since the project presented by the PV system supplier includes only the approximate total annual 

electricity production by the facility and shows its maximum power, another model of the installation is 
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done by the project group in order to see how the electricity production ranges during the year and 

matches the modeled electricity demand of the building. 

For this purpose, PVsyst V6.06 software is used. The project design is done for Stockholm location, 

annual solar radiation data is provided by the software. Since the exact area covered by solar panels tilted 

at 15 and 5 degrees is not provided but can only be visually estimated, modeling is done at average tilt 

angle of 10 degrees. The system design is based on the area available of 2200 m2 in accordance with the 

installation description. The selection of the solar cells type is done to correspond to the declared by the 

manufacturer production power of 245 kW. Figure 19 presents the modeled efficient annual electricity 

production.  

 

Figure 19 Modeled annual electricity production by the PV facility 

The sum of the monthly simulation results equals to 198 MWh, which can be utilized by the electrical 

systems of the building, and shows an acceptable level of error (1 %), comparing to the manufacturer data.  

6.1.2 Modeling results 

After creation of the accurate PV model, its performance is further compared first to the electricity 

demand of the building for the base renovated case, according to the data, presented in Table 33. 
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PV electricity 
production  

(MWh) 

Base renovated model 
electricity demand 

(MWh) 

January 2.2 93.8 

February 6.4 83.1 

March 15.7 89.5 

April 23.2 90.2 

May 32.3 93.8 

June 32.8 85.9 

July 30.8 93.8 

August 25.4 91.7 

September 16.9 88.1 

October 8.3 93.8 

November 2.7 88.1 

December 1.4 91.7 

Table 33 Electricity production by the PV installation comparing to electricity demand of 

the building 

Figure 20 graphically represents achieved results of modeling for better comparison. 

 

Figure 20 Annual electricity demand of the building for the Base renovated case in 

comparison with PV electricity production 

From the diagram presented above, it can be seen that PV installation will cover biggest amount of the 

building electricity demand in summer months. Around 38 % of the total electricity demand of base 

renovated model can be covered by the PV installation in June. But since monthly electricity demand is 
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considered and it is not splitted in accordance to the day time and night time consumption, it should be 

taking into account that even smaller demand can be covered by the PV facility. As well extra electricity 

production is possible during the sunny weekends, when the demand is low, but the PV facility 

production is high. Utilization of this extra electricity should be done.  

Since recommended for implementation in term of lowest payback period combinations of improvement 

measures do not involve lighting improvement, these cases do not show significant change in electricity 

dement. In connection with that, separate comparison for PV facility electricity production with combo8, 

11 and 12 cases is not presented.  

Instead comparison for other cases, which influence electricity demand of the building, is done. Results 

obtained are presented in Table 34. 

 

PV 
electricity 

production 

Combo 
1 

Combo 
2 

Combo 
3 

Combo 
9 

Combo 
12 

Combo 
13 

Combo 
14 

Combo 
15 

 
MWh/year 

January 2.2 80.1 80.1 83.9 80.1 80.1 80.1 80.1 70.9 

February 6.4 70.9 70.9 74.2 70.9 70.9 70.9 70.9 76.3 

March 15.7 76.3 76.3 79.9 76.3 76.3 76.3 76.3 77.0 

April 23.2 77.0 77.0 80.7 77.0 77.0 77.0 77.0 80.1 

May 32.3 80.1 80.1 83.9 80.1 80.1 80.1 80.1 73.2 

June 32.8 73.2 73.2 76.6 73.2 73.2 73.2 73.2 80.1 

July 30.8 80.1 80.1 83.9 80.1 80.1 80.1 80.1 78.2 

August 25.4 78.2 78.2 81.9 78.2 78.2 78.2 78.2 75.1 

September 16.9 75.1 75.1 78.7 75.1 75.1 75.1 75.1 80.1 

October 8.3 80.1 80.1 83.9 80.1 80.1 80.1 80.1 75.1 

November 2.7 75.1 75.1 78.7 75.1 75.1 75.1 75.1 78.2 

December 1.4 78.2 78.2 81.9 78.2 78.2 78.2 78.2 0.0 

Table 34 Electricity production by the PV installation comparing to electricity demand of 

the building for several improved cases 

Figure 21 graphically represents achieved results of modeling for better comparison. Since cases combo 1, 

2, 9, 12, 13, 14 and 15 have same monthly electricity demand, in the graph they are represented by one 

column. 
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Figure 21 Annual electricity demand of the building for the improved case in comparison 

with PV electricity production 

As the results above show, the highest profit from PV facility can be obtained in June, when facility will 

cover 45 % of the systems demand for cases combo 1, 2, 9, 12, 13, 14 and 15. For combo3 case it equals 

to 43 % of total system demand. 

In accordance with mentioned above, installation of PV facility will decrease amount of bought electricity, 

since up to 20 % of consumption will be produced on the site. In order to investigate how it might 

influence payback period and life cycle cost of combinations of measures investigated in 5.1 subparagraph 

of the paper, economical calculations are done in accordance with procedure, described in the 

subparagraph 2.3.1 of methodology. Table 35 and Table 36 represent the obtained results for electricity 

price of 0.65 and 1 SEK/kWh respectively. 
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Study 
case 

Energy cost, 
SEK/year 

Savings 
Savings 

PV 
Investment PBP 

PBP 
PV 

LCC LCC PV 

Total Total PV SEK/year SEK years SEK 

BRM 1876524 1747863 - - - - - 20863919 19433416 

Combo1 1763619 1634958 112905 241566 4703508 42 19 24312110 22881607 

Combo2 1761834 1633173 114690 243351 4703508 41 19 24292262 22861759 

Combo3 1784774 1656113 91750 220411 4848353 53 22 24692165 23261662 

Combo4 1839762 1711101 36762 165423 1116013 30 7 21571202 20140700 

Combo5 1825295 1696634 51229 179890 1116013 22 6 21410348 19979845 

Combo6 1839175 1710514 37349 166010 1116013 30 7 21564672 20134169 

Combo7 1824666 1696005 51857 180518 1116013 22 6 21403361 19972858 

Combo8 1861346 1732685 15178 143839 264453 17 2 20959615 19529112 

Combo9 1741229 1612568 135294 263955 4703508 35 18 24063171 22632668 

Combo10 1807732 1679071 68791 197452 1116013 16 6 21215083 19784580 

Combo11 1814771 1686110 61753 190414 1116013 18 6 21293336 19862833 

Combo12 1696562 1567901 179962 308623 5266478 29 17 24129513 22699010 

Combo13 1725060 1596399 151464 280125 5266478 35 19 24446358 23015855 

Combo14 1725822 1597161 150702 279363 5002025 33 18 24190379 22759876 

Combo15 1737949 1609288 138575 267236 5266478 38 20 24589664 23159161 

Table 35 Financial comparison of combinations of improvement measures for electricity 

price of 0.65 SEK/kWh 

Study 
case 

Energy cost, 
SEK/year 

Savings 
Savings 

PV 
Investment PBP 

PBP 
PV 

LCC LCC PV 

Total Total PV SEK/year SEK years SEK 

BRM 2255791 2057851 - - - - - 25080760 22879986 

Combo1 2087130 1889190 168661 366601 4703508 28 13 27909030 25708257 

Combo2 2085279 1887339 170512 368452 4703508 28 13 27888451 25687677 

Combo3 2123634 1925694 132157 330097 4848353 37 15 28459736 26258962 

Combo4 2219030 2021090 36762 234702 1116013 30 5 25788044 23587270 

Combo5 2204562 2006622 51229 249169 1116013 22 4 25627190 23426416 

Combo6 2218442 2020502 37349 235289 1116013 30 5 25781513 23580740 

Combo7 2203934 2005994 51857 249797 1116013 22 4 25620202 23419429 

Combo8 2240613 2042673 15178 213118 264453 17 1 25176456 22975682 

Combo9 2064675 1866735 191117 389057 4703508 25 12 27659359 25458585 

Combo10 2187050 1989110 68741 266681 1116013 16 4 25432481 23231707 

Combo11 2194038 1996098 61753 259693 1116013 18 4 25510177 23309403 

Combo12 2020007 1822067 235784 433724 5266478 22 12 27725702 25524928 

Combo13 2048505 1850565 207287 405227 5266478 25 13 28042546 25841773 

Combo14 2049267 1851327 206524 404464 5002025 24 12 27786568 25585794 

Combo15 2061394 1863454 194397 392337 5266478 27 13 28185852 25985079 

Table 36 Financial comparison of combinations of improvement measures for electricity 

price of 1 SEK/kWh 
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As the results above show, consumption of electricity, produced on the sire from PV facility, decreases 

dramatically payback period of the improvement measures suggested, which can be explained with 

decrease of annual energy cost due to lower electricity amount, bought from the grid.  

6.2 Solar thermal installation on the southern façade 

The installation of solar thermal hot water system on Magasin 6 is investigated in this section. The aim this 

type of installation is to produce locally and via a “free” and renewable energy, the Sun, hot water used in 

the building. This is in accordance with the will of Magasin 6 owners to produce with local renewable a 

larger part of the energy consumed in the building. 

6.2.1 Modeling assumptions 

One major assumption made is that only some offices spaces and the restaurant use hot water.  To 

estimate the hot water energy consumption, only offices hot water consumption is considered. No 

information is known about the restaurant (size of the kitchen, of the dining area, number of meals served 

per day, etc.) thus it is impossible to estimate its hot water consumption. Average energy consumption for 

hot water production in office buildings equals to 2 kWh/m2.year (33).  

The mass flow of the low-freezing point fluid should be equal to 5 to 10 kg/h.m2, means between 120 and 

240 kg/h, to maximize the amount of heat collected from the sun. The panels can be placed with a tilt of 

40˚ in the southern façade where the loading doors have been closed. The heat exchanger should have a 

capacity of 300 W/K (36). 

The fluid passing through the solar collector has to have a low freezing temperature because of the cold 

Swedish climate. 

The solar panel area as well as the investment costs for solar thermal installation can be calculated 

considering the assumptions exposed in Table 37. The other investment cost takes into account piping 

and storage. 

Solar panel type Heat produced (kWh/m2.year) Panel cost (SEK/m2) Other costs (SEK/m2) 

Flat-plate 200 1000 1000 

Vacuum tubes 600 4000 1000 

Table 37 Heat produced and investment cost of different thermal solar panel types (SP 

Technical Research Institute of Sweden, 2013) 

All these assumptions are needed to estimate the panel area and the investment cost of a SHW system. 

The results are presented in the next paragraph.  

6.2.2 Results 

Considering the requirements for Swedish climate and the properties of the different types of solar panel, 

two types of solar panel are investigated in this report: flat-plate collector and evacuated tubes, or vacuum 

tubes, collector. 

In Design Builder model, the total area of offices in Magasin 6 is calculated equal to 4000 m2. 

Consequently, considering the assumption used, the total energy consumption to produce hot water for 

Magasin 6 is estimated equal to 8000 kWh/year. The solar panel area as well as the investment costs can 

be found in Table 38 for the two types of panel investigated. 
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Solar panel 

type 

Hot water 

consumption 

(kWh/year) 

Panel area 

(m2) 

Panel investment 

cost (SEK) 

Other 

investment cost 

(SEK) 

Total investment 

cost (SEK) 

Flat-plate 8000 40 40000 40000 80000 

Vacuum 

tubes 
8000 13 52000 13000 63000 

Table 38 Panel area and investment cost for the two investigated solar panel types 

The retrofitting of water heating system is an efficient way to decrease the installation cost (36). The actual 

water heating system will be changed to be adapted to the solar thermal system. The actual heat exchanger 

and storage tank will be used to transfer the heat from the solar panel fluid to the domestic water; it will 

pre-heat the water. The district heating system will be used as additional heating system when the solar 

panel is not sufficient to provide all the heat needed to heat up the cold domestic water from 8.5 ˚C to 60 

˚C. This will be done by another heat exchanger in another tank, smaller and better insulated. The current 

storage tank has to be kept to save investment costs. A scheme of the actual water heating system and of 

the solar thermal water heating system can be found in Figure 22. 

 

Figure 22 Solar thermal and actual water heating systems 

In the SWH system, the actual storage tank will be used with less high water temperature than in the actual 

water heating system. This will decrease the heat losses from the tank. The small tank added will help to 
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provide the good water temperature thanks to district heating. The working requirements exposed in 

paragraph 3.3.2.1 have to be followed in order to eliminate legionella issues. 

A summary of these design parameters of the solar thermal system can be found in Table 39. 

Parameter Unit Value 

Annual hot water energy consumption kWh 8000 

Flat-plate solar panel area m2 40 

Evacuated tubes solar panel area m2 13 

Low-freezing point fluid mass flow kg/h 120 to 240 

Tilt of the panels deg 40 

Additional heat exchanger capacity W/K 300 

Table 39 Design parameters of the solar thermal system for hot water 

The savings as well as the payback time cannot be calculated because the amount of water heated by the 

Sun cannot be calculated. Indeed, hot water consumption is not even during the year, thus it is not 

possible to estimate the daily hot water consumption which is needed to calculate the amount of water 

heated by the Sun (only the yearly hot water consumption can be estimated). Moreover, no information is 

known about the amount of investment cost which can be saved with the retrofitting system proposed. 

Except the area of offices in Magasin 6, no input data is used. These are the limitations of SHW system 

calculations made. 

Consequently, these calculations can be seen as first approach, which helps to decide if the 

implementation of solar thermal hot water system is possible and desirable. A deeper investigation of the 

system is needed in order to dimension properly and install a SHW system on the southern façade of 

Magasin 6. 

6.3 Ground source heat pump 

Possibility of heating and cooling production from renewables was one main intrests of the Port of 

Stockholm in Magasin 6 project. The use of heat pump appeared to be a desirable solution. Indeed, in 

Sweden, the installation of heat pumps is a very common practice: 90 % of new houses build nowadays 

include heat pump. 

As an air source HP is not most common in Sweden (for the reasons explained before in the literature 

review), this type of HP is not studied. The sea water around the building makes the implementation of 

water source HP possible. Since during summer time cruise ships use water area, surrounding the building, 

the space gap remaining between the ground under the water and the boats hull is not enough for water 

source heat exchangers installation. Consequently only ground source HP implementation is worth 

investigation.  

Ground source heat pumps are most common in Sweden (60). There are two main types of ground source 

heat pump: with horizontal HX and with vertical HX. The horizontal HX are usually less efficient and are 

used for low heating demand, because the area needed to cover high heating demand is too high; it is thus 

not suitable for this project (which has very high heating demand). Ground source HP with vertical HX is 

consequently chosen in this report to study its technical and economic feasibility, to produce heating in 

winter and cooling in summer. 
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6.3.1 Vertical heat exchanger modeling 

Several cases have been studied for the vertical HX, depending on the amount of heating and cooling 

demand. The implementation of heat pump has been studied for the actual cooling and heating demands, 

as well as for the demands after the implementation of different combinations of energy improvement 

measures, described before in the report. The combinations investigated have been chosen regarding their 

technical and economical feasibility. Combinations named combo8, combo10 and combo11 are 

technically feasible and at he same time have the lowest PBP. Thus these tree combinations are 

investigated and presented in this chapter of the report. Monthly energy demands are taken from the base 

renovated model, which corresponds to actual model, and from the combinations 8, 10 and 11 and are 

used in the calculations.  

As previously explained, a good balance between heating and cooling energy, provided by the heat pump, 

is crutial for efficient energy production. This effect has been studied: a heat pump has been modelled 

with and without balance between cooling and heating. Without balance, the total heating and cooling 

demands are provided by the heat pump. With balance, only a purcentage of the heating demand and the 

total cooling demand are provided by the heat pump, so that the cooling and the heating provided are in 

the same range of order (it corresponds to provide about 11 % of the heating demand). Figure 23 shows 

the energy provided by the heat pump with vertical HX over the year for base renovated model. The 

balance between cooling and heating can be noticed. 

Moroever, another case has been studied for the different combinations: provide half of the heating 

demand and the total cooling demand. This case is less balanced than the case in which only 11 % of the 

heating demand is provided. However, more heating is produced by the heat pump thus more saving are 

expected: an economic balance has also to be taken into consideration. This is why this case is 

investigated. 

The each case investigated is detailed in Table 40.  

Case investigated Model studied Percentage of heating 

demand provided 

Percentage of cooling 

demand provided 

Case 1 Base renovated 100 % 100 % 

Case 2 Base renovated 11 % 100 % 

Case 3 Combo8 100 % 100 % 

Case 4 Combo8 11 % 100 % 

Case 5 Combo8 50 % 100 % 

Case 6 Combo10 100 % 100 % 

Case 7 Combo10 11 % 100 % 

Case 8 Combo10 50 % 100 % 

Case 9 Combo11 100 % 100 % 

Case 10 Combo11 11 % 100 % 

Case 11 Combo11 50 % 100 % 

Table 40 Detail of each case investigated in vertical ground source heat pump modeling 
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Figure 23 Energy provided by the heat pump with vertical HX over the year for the base 

renovated model 

The results of the dimensioning parameters of the different cases are shown in Table 41. Calculations are 

done using Earth Energy Designer software. Folowing  input data is used in the software: monthly heating 

and cooling power (loading power); diameter of borehole pipes; and configuration of the boreholes 

(which includes the arrangement and the number of boreholes). This modeling has some limits, related to 

use of the demo version of the software. Crucial for modeling parameters, such as the thermal properties 

of the ground, the ground surface average temperature, and the fluid parameters cannot be changed in the 

demo version. It is considered that the accuracy, given by the demo version of the software is enough for 

preliminary investigation, which is the case in this project.  

Table 1-2 in Appendix presents all the set parameters of the borehole, the working fluid and the ground, 

used in earth Energy Designer. Other parameters, which cannot be changed in the demo version of the 

software, are used to do the calculations and can be found in Table 1-2 in Appendix. The required 

borehole length needed to produce the loading power under the stated conditions is then calculated by the 

software. 
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Case 

investigated 

Number of 

borholes [-] 

Area [m2] Depth of one 

borehole [m] 

Total borehole 

depth [m] 

Case 1 56 60*70 233 13045 

Case 2 25 40*40 157 3929 

Case 3 49 60*60 272 13337 

Case 4 16 30*30 198 3168 

Case 5 25 40*40 216 5391 

Case 6 49 60*60 257 12579 

Case 7 24 30*50 151 3636 

Case 8 20 30*40 236 4711 

Case 9 56 60*70 229 12821 

Case 10 24 30*50 151 3636 

Case 11 25 40*40 202 5061 

Table 41 Dimensioning parameters of the vertical heat exchanger for the different cases 

Some conclusions can be made from the results achieved. The larger the energy demand is, the bigger the 

total borehole depth is required. Additionally, the better the balance between cooling and heating is, the 

smaller the borehole depth is. It is thus of a great importance to have a good balance between heating and 

cooling provided by the heat pump. It can be also noticed that the total borehole depth increases more 

than 2.5 times to produce 2 times more heating (comparison between the cases which produce 50 % and 

100 % of heating). This will have a big influence on financial calculations, as the investment cost is 

calculated directly from the total borehole depth. 

Another assumption of the simulation model is that the building is assumed to be build on the rock. 

Ground conditions should be checked, since it could be water instead of rock. Due to the lack of data 

regarding area, available around  and the building, and considering the area of the building, 49*110 m2, it is 

assumed that all the heat pump cases can be implemented, with some part of boreholes placed next to it. 

The depth of all boreholes is technically feasible. It can be concluded that all the cases modeled for 

vertical heat exchanger are technically feasible. 

6.3.2 Financial costs estimate 

The investment cost for borehole HX are taken from real project cost from the EPAH heat pump best 

practices database (43) and from a study made by KTH (44). In total, the investment cost for a HP with 

borehole HX is considered equal to 600 SEK multiplied by the total depth of the boreholes (in meter).  

The running costs are calculated with the actual energy prices, taken from Table 1. The calcuations have 

been done for the two different prices of electricity considered in this report: 0.65 SEK/kWh (Table 42) 

and 1 SEK/kWh (Table 43).  
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Case 

investigated 

Annual 

pumping 

energy [kWh] 

Annual 

compressor 

energy [kWh] 

Annual heat 

pump 

running cost 

[SEK] 

Investment 

cost [SEK] 

Annual 

saving 

[SEK] 

Payback 

period [yr] 

Case 1 131193 437302 369522 7827390 802649 9.8 

Case 2 39517 81542 78688 2357694 159613 14.8 

Case 3 134125 432286 368167 8002452 788826 10.1 

Case 4 31907 74691 69289 1901070 149018 12.8 

Case 5 54219 231390 185646 3234846 443996 7.3 

Case 6 126502 413347 350902 7547496 752385 10.0 

Case 7 36565 76238 73322 2181552 145053 15.0 

Case 8 47380 223960 176371 2826870 429775 6.6 

Case 9 128935 415616 353958 7692834 756460 10.2 

Case 10 36565 75093 72578 2181552 143968 15.2 

Case 11 50898 224311 178886 3036678 429357 7.1 

Table 42 Financial estimate for the different cases of the HP with vertical HX, electricity 

price of 0.65 SEK/kWh 

Case 

investigated 

Annual 

pumping 

energy [kWh] 

Annual 

compressor 

energy [kWh] 

Annual heat 

pump 

running cost 

[SEK] 

Investment 

cost [SEK] 

Annual 

saving 

[SEK] 

Payback 

period [yr] 

Case 1 131193 437302 568495 7827390 603676 13.0 

Case 2 39517 81542 121058 2357694 117243 20.1 

Case 3 134125 432286 566411 8002452 590582 13.6 

Case 4 31907 74691 106598 1901070 111709 17.0 

Case 5 54219 231390 285609 3234846 344033 9.4 

Case 6 126502 413347 539849 7547496 563438 13.4 

Case 7 36565 76238 112803 2181552 105572 20.7 

Case 8 47380 223960 271339 2826870 334806 8.4 

Case 9 128935 415616 544551 7692834 565867 13.6 

Case 10 36565 75093 111658 2181552 104888 20.8 

Case 11 50898 224311 275209 3036678 333034 9.1 

Table 43 Financial estimate for the different cases of the HP with vertical HX, electricity 

price of 1 SEK/kWh 

It is clear that the heat pump cases which provide 50 % of heating and 100 % of cooling demands, with 

electricity price of 0.65 SEK/kWh, are the ones the most economically feasible and have payback period 

of around 7 years. The cases which provide 50 % of heating and 100 % of cooling demands for electricity 
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price of 1 SEK/kWh and the cases which provide 100 % of heating and 100 % of cooling demands for 

the two electricity prices have a payback period between 10 and 13 years. That makes them possible but 

not desirable from financial point of view. The other cases are not economically desirable due to long  the 

payback period (between 15 and 20 years) is too high regarding the life time of a heat pump (about 25 

years). 

Considering the technical and economical feasibilities, the installation of a heat pump which can provide 

between 50 % and 100 % of the heating demand and 100 % of the cooling demand is the best solution for 

this project. 
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7 Discussion of results 

The results of the project investigation can be divided into two groups: suggestions connected with energy 

consumption improvements, and renewable resource implementation results. 

In the first part of the project work, a range of effective measures are investigated. Among them are 

windows replacement, temperature set-point adjustment, lighting improvement and installation of external 

shading in the office zones. Simulation results showed that highest savings on heating can be achieved 

with replacement of all the windows of the building with efficient windows with U-value of 0.7 W/m2K 

and correspond to 113.5 MWh/year. On the other hand this measure leads to an increase of cooling 

demand. This phenomenon can be explained with inability of internal gains in the office zones to leave 

indoor space through the windows during the summer months. At the same time, such a measure requires 

high initial investment, which causes a long payback period. Taking into account results from other 

simulations for windows with U-value of 1.3 W/m2K but different solar transmission factor, a solution 

can be suggested to replace in the zones with strict requirements to the indoor climate old windows with 

windows of lower U-value and low solar transmission factor, while windows in the storage spaces can be 

replaced with ones with lower U-value and high solar transmission factor. This solution will help to keep 

the savings on heating during cold period of the year, and will keep stable indoor climate in summer in 

zones where cooling is installed. 

Temperature adjustment measurement can be suggested for implementation in the zones where no strict 

parameters of the indoor climate are required. It involves no investment cost, but comfort of the tenants 

should be taken into account. 

Lighting improvement shows biggest possible savings on electricity; while, like windows replacement, it 

involves very big initial investment. A suggested solution can be replacement of only broken old lamp 

with new LED tube lamps. It should be also kept in mind that use of more efficient electricity saving 

lamps leads to increase of heating consumption.  

Simulation results for external shading installation shows not high possibility to save energy, and having 

relatively small initial investments still has very long payback period.  

Several combinations of different measures have been done in order to simulate the influence of the 

different measures on heating, cooling and electricity consumption of the building. Their environmental 

impact has also been calculated. Combination 8, which involves installation of external shading in the 

office zones and restaurant and adjustment of cooling temperature, has influence only on cooling demand. 

But due to low investment cost, this combination shows a low payback period, which makes this 

combination of improvement measures feasible.  

Combinations 10 and 11, which involve, in addition to the measures, suggested for combination 8, 

replacement of old windows with new windows of lower U-value, and partly low solar transmission factor, 

have also low payback period and are economically possible.  

Other combinations, for example combination 12, which involve the same improvement measures, as 

combination 8 and replacement of all windows to very low U-value windows and a decrease in lighting 

density, save a lot of energy and CO2 emissions but have high payback period. 

Using PV SYST software, electricity production of PV facility, which will be installed on the roof of the 

building by the middle of the summer 2013, during a year is done. The results obtained are further 

compared to base renovated case, as well as the simulation results for different combinations of suggested 

efficient measures in order to give a better view of the system’s performance after renovation. Since the 

facility is currently being constructed, the investment cost of its installation is disregarding and only 

electricity production is taking into account for another economical evaluation of the improvement 

measures. In accordance with this assumption a dramatic decrease in the payback period for all of the 

investigated combinations of improvement measures is obtained. 
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All the cases investigated for ground source HP with a vertical heat exchanger, are technically feasible. 

However, the heat pump cases which provide between 50 % and 100 % of the heating demand and 100 % 

of the cooling demand have the best payback period (between 7 and 10 years), which makes these cases 

more possible. This is considering actual low price for electricity paid by Magasin 6 (0.65 SEK/kWh). 

Considering usually electricity price of 1 SEK/kWh, the cases which provide 50 % of the heating demand 

and 100 % of the cooling demand are the most economically feasible (payback period less than 10 years); 

the other cases can have a payback period up to 20 years. In conclusion, the cases technically and 

economically feasible concerns the modeling of vertical heat exchangers used to provide between 50 % 

and 100 % of the heating demand and 100 % of the cooling demand of combinations 8, 10 and 11, for 

electricity price of 0.65 SEK/kWh and to a lesser extend for electricity prices of 1 SEK/kWh. These cases 

achieve both technical balance, with a balance between the heat and the cool provided, and economic 

balance, with a low payback period (between 13 and 7 years). 

The estimate of solar thermal system implementation for hot water production has been done for two 

types of heat collectors. The hot water consumption has been estimated equals to 8000 kWh per year and 

take into consideration only the hot water consumed in offices. The solar panel area needed to provide the 

estimated amount of hot water during summer months is equal to 40 m2 for flat-plate collectors and 13 m2 

for evacuated tubes. Regarding the small area needed, the solar collectors can be installed on the sealed 

loading doors on the last floor, and the implementation of the system is considered technically feasible. 

Moreover, the refitting of the actual hot water system will decrease the investment cost, which are already 

reasonable (80000 SEK and 67000 SEK for flat-plate and evacuated tubes collectors respectively) and 

make the system implementation economically feasible.  
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8 Conclusions 

This paper presents results of the energy improvement measures and renewable energy implementation in 

Magasin 6 building, located in Frihamnen, Stockholm. The objectives of the project work and the 

methodology, chosen by the project group in order to fulfill the objectives, are presented in the first and 

second paragraphs of the paper. They are followed by the literature review, done in connection with the 

project objectives. Investigation of the project building and creation of its energy model in Design Builder 

software are described; all the assumptions made are clearly stated. Study of several different effective 

energy measures and their combinations is done and presented, as well as modeling and evaluation of 

feasibility of renewable resource implementation.   

The initial stage of project work has revealed a number of shortcomings. Among one of them is a lack of 

input data about building construction, operational systems and their parameters. In this regard, several 

assumptions have been made in order to create accurate energy model of the project building. Important 

energy modeling parameters, such as U-values, infiltration ratio, lighting, cooling set-point, internal gains 

and occupancy, are taken from current Swedish building codes, ASHRAE and SVEBY recommendations. 

Accuracy of the model is justified with the low error percentage for energy consumption between the 

model building and real data provided by the building operator. 

Investigation of improvement measures enables to provide 15 different combinations of effective 

measures. Comparison of all of the combinations is done in terms of energy and financial savings, as well 

as environmental impact in connection with CO2 emissions, caused by energy production. Care is taken to 

estimate initial investment of the measures and payback period for all of the suggested solutions. Solutions 

are also presented in order to prevent undesired air flows, caused by elevators movement, as well as 

solution for prevention water condensation on sailed with cartons windows in museum storage areas. 

Study of the PV facility, which is currently being installed on the roof top of the building, presents the 

congruence of the electricity production and consumption during a year. Model of the installation shows 

potential to cover up to 20 % (200 MWh per year) of the building total electricity demand, with the 

biggest contribution into the system during summer time. Financial evaluation of the improvement 

measures, taking into consideration contribution from PV facility, shows dramatically lower payback 

period for all of the suggested combinations of the effective measures.  

Modeling of a ground source heat pump shows the feasibility of implementation of a vertical heat 

collector system to cover between 50 % and 100 % of heating demand and 100 % of cooling demand for 

three combinations (8, 10 and 11). The implementation of a ground source heat pump with vertical heat 

exchangers is possible only after the renovations presented in the combinations 8, 10 and 11. 

Installation of solar thermal facility is estimated to be able to cover DHW demand in summer months. 

This solution is technically and economically feasible no matter which type of solar collector is used. 

Final decision regarding proposed alternatives selection is left up to the project customer in terms of their 

expectations from the renovation. If target is based on decrease of energy consumption, then combination 

12 should be selected, which also provides highest decrease of environmental impact from the energy 

production, utilized in the building. If the renovation is supposed to have lowest payback period, then 

combinations 8, 10 and 11 should be taken into account.  

Before the decision is made and the renovation of the building starts, detailed study of the building 

properties and current status should be done. Measurement of all type of energy, utilized in the building, 

should be conducted, as well as water consumption. Arrangement of a better control of the building 

system is another required measure, in order to define where exactly the system operates not efficiently. 
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For example, only with a control of the fan system it can be identified if the system consumes more 

energy, than required.  

All the improvement measures and renewable implementation, as well as good knowledge and control of 

the system, are really important, if the purpose of the building renovation is to be considered as 

environmentally friendly. Also, good knowledge and control of the system ensures proper and 

comfortable indoor climate. This is a valuable argument to attract more tenants, who need safe, stable and 

controlled indoor climate, like museums and archives. On-site energy production from renewable 

resources is nowadays considered environmentally friendly and attracts customers, who care more and 

more about the environment.  

In order to be attractive to future tenants, as well as save energy and money, and be environmentally 

friendly, the owners of Magasin 6 should take into consideration the following strategy: first of all decrease 

energy consumption of the building, by following the combinations of energy improvement measures 

presented in this report; for the second, increase efficiency of the energy use systems, which can be done 

only by maintenance of a strict control of the building’s systems; and for the third, produce energy on the 

site from available renewable resources, investigating further the studies of heat pump and solar thermal 

systems, presented in this paper.  
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9 Future work 

Project work shows exigency for further investigations.  

First of all, a decision regarding the goal of the future renovation should be taken by the building owner in 

order to choose a right combination of improvement measures. As explained, the measures chosen to be 

applied depend on the goals which are set by the owner of the building. The purposes of renovation are 

diverse and can be combined: save energy, save money, be eco-friendly, be attractive to customers, obtain 

energy classification, etc.  

Regardless future property development, a detailed study of building construction and systems should be 

done. Lighting levels in every zone of the building, energy and water consumption should be measured. 

This should be done in order to provide more accurate building model, and thus more accurate knowledge 

about energy saving by the different improvement measures and renewable energy production; in addition, 

a good knowledge of the system is required to control it better and increase its efficiency.  

Care should be taken to define future building tenants, their possible activities and requirements for the 

indoor climate and possibilities to provide such conditions. This investigation has to be made before any 

type of improvement measures or renewable energy system is further investigated, in order to estimate the 

future energy consumption of the building. 

As a lot of assumptions have been done in this project, due to the lack of knowledge about the building, 

the uses of energy and the systems used, before the implementation of the improvement measures or 

renewable systems presented, a deeper investigation of them has to be made. This deeper investigation is 

strongly recommended by the project group for ground source heat pump and SHW systems 

implementation: the results presented in this report are stated as first approach. 

Investigation of feasibility of under pressure maintenance with fan work in the elevators shaft can be 

explored and financially evaluated, as it can possibly be another solution to avoid undesired air delivery 

from the outside to the storage zones. 

In order to make profit from electricity produced by PV facility during the week ends, when there is a low 

electricity demand in the building, construction of energy storage can be investigated. Extra energy can 

also be used on the site for electric cars or ships filling. On the other hand, connection to the grid can be 

done in order to sell green electricity for a good price. All the solutions mentioned require further and 

deeper study. 

Care should be taken how the walls are painted and which type of surface is used in common areas to 

decrease the lighting power density while keeping the same lighting comfort (lux level). Indeed, certain 

sort of painting (white and reflective) can increase considerably the lux level in corridors (61). 

The infiltration ratio, measured in air change per hour, has a lot of importance in energy consumption in a 

building: The less uncontrolled infiltration is, the more controlled and low energy consumption is. The 

infiltration ratio is very high on the first floor due to the long time during which the doors are opened. It 

is important to control the opening of the doors on the first floor more, in order to consume less energy. 

Aiming to make Magasin 6 more attractive to customers, energy classification of the building in 

accordance with one of the available nowadays systems can be done. For that purpose a deep study of the 

building’s potential to fulfill the requirements of the assessment, such as low energy and water 

consumption, environmental impact, materials of the construction, comfort indoor climate, should be 

done. 
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APPENDIX 

 

Table 1-1 Investment cost of studied improvement measures 

 

Study case Unitary investment cost Total investment cost 

W1 5070 SEK/m2 1414530 SEK 

W2 
2840 SEK/office window 

1660 SEK/storage window 
851560 SEK 

W3 
2840 SEK/office window 

1660 SEK/storage window 
851560 SEK 

T1 - - 

T2 - - 

L1 295 SEK/LED tube lamp  

L2 295 SEK/LED tube lamp  

SHD1 
370 SEK/m2 marquis 

+400 SEK/marquis installation 
264453 SEK 

SHD2 
370 SEK/m2 marquis 

+400 SEK/marquis installation 
264453 SEK 
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Table 1-2 Set parameters of the heat carrier fluid, borehole and ground in the software 

Earth Energy Designer 

 

Set Parameter Unity Value 

Heat carrier fluid 

Thermal conductivity W/m·K 0,48 

Specific heat capacity J/kg·K 3795 

Density Kg/m³ 1052 

Viscosity Kg/m·s 0.0052 

Freezing point °C -14 

Flow rate per borehole l/s 0.6794 

Borehole 

Borehole spacing  m 10 

Borehole installation mm Single-U 

Borehole diameter mm 110 

U-pipe diameter mm 35 

U-pipe thickness mm 3 

U-pipe thermal conductivity W/m·K 0.42 

U-pipe shank spacing mm 70 

Filling thermal conductivity W/m·K 0,6 

Contact resistance pipe/filling m·K/W 0 

Borehole thermal resistance internal  m·K/W 0.6203 

Reynolds number - 5000 

Thermal resistance fluid/pipe m·K/W 0.0031 

Thermal resistance pipe material m·K/W 0.0787 

Contact resistance pipe/filling m·K/W 0 

Borehole thermal resistance 

fluid/ground 
m·K/W 0.1465 

Effective borehole thermal resistance m·K/W 0.147 

Ground 

Ground thermal conductivity  W/m·K 3.5 

Ground heat capacity MJ/m³·K 2.16 

Ground surface temperature °C 8 

Geothermal heat flux W/m² 0.06 

 


