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We need decentralization because only thus can we insure that the knowledge of 

the particular circumstances of time and place will be promptly used. But the "man 

on the spot" cannot decide solely on the basis of his limited but intimate knowledge 

of the facts of his immediate surroundings. There still remains the problem of 

communicating to him such further information as he needs to fit his decisions into 

the whole pattern of changes of the larger economic system. 

Friedrich Hayek – The Use of Knowledge in Society (1945) 
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Abstract 

In the transition towards a sustainable energy system, building mounted solar 

photovoltaics (PV) have unique benefits; they require no additional land and 

the energy is generated directly at load centers. Within residential buildings, 

multi-family homes (MFH) are particularly interesting because of the 

economies of scale and their greater potential for emissions reductions. 

This thesis identifies and describes value propositions for solar PV within 

Swedish multi-family houses via three branches of inquiry; system sizing 

optimization, quantification of investment risk, and the techno-economic 

potential of PV/thermal (PVT) collectors integrated with ground source heat 

pumps (GSHP). Underpinning these investigations is a comprehensive review 

of technical and economic models for solar PV, resulting in a catalogue of 

performance indicators and applied techniques. 

From the sizing analysis, no objective, techno-economically optimal PV 

system size is found without including the prosumer’s personal motives. 

Prioritizing return on investment results in small systems, whereas systems 

sized for net-zero energy can be profitable in some buildings. There is also a 

strong economic incentive to adopt communal electricity metering to increase 

self-consumption, system size, and economic return. Monte Carlo analysis is 

used to quantify investment uncertainty, finding that well-designed systems 

have an 81% chance of earning a 3% real return on investment, and even 

without subsidies there is a calculated 100% chance of having a positive 

return. PVT integrated GSHP can reduce the land needed for boreholes by 

up to 87% with a lower lifecycle cost than district heating, thereby broadening 

the heat pump market and reducing barriers to heating electrification. 

The quantitative results provide guidance for Swedish MFH owners while the 

methodology presents solar PV value in a more useful manner for prosumers 

to identify their personal motives in decision making. This approach is also 

useful for researchers, business leaders, and policy makers to understand the 

prosumer perspective and promote adoption of PV in the built environment. 

Keywords 
Electrify everything, building energy systems, energy systems analysis, solar 

heat pump, investment analysis, Monte Carlo analysis, PVT, solar hybrid 
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Sammanfattning 

I övergången mot ett hållbart energisystem har takmonterade solceller unika 

fördelar; de kräver ingen extra mark och elenergin genereras direkt där den 

behövs. Inom bostadssektorn är flerfamiljshus särskilt intressanta på grund 

av stordriftsfördelar och deras större möjlighet att bidra till minskade utsläpp. 

Denna avhandling identifierar och beskriver värdeerbjudanden för solceller i 

svenska flerfamiljshus via tre frågeställningar; optimering av installationens 

storlek, kvantifiering av investeringsrisken och den teknisk-ekonomiska 

potentialen för PV/termiska (PVT) paneler integrerade med 

bergvärmepump. Analysen grundas på en omfattande genomgång av tekniska 

och ekonomiska modeller för solceller, vilket resulterar i en katalog över 

prestandaindikatorer och tillämpbara utvärderingstekniker. 

I analysen av storlekens betydelse hittas inget objektiv, tekniskt-ekonomiskt 

optimalt system utan bästa storlek beror av prosumentens personliga motiv. 

Att prioritera avkastning på kapitalet ger mindre system, medan lägre krav kan 

ge större storlek som når netto-noll energi med godtagbar avkastning. Det 

finns också ett starkt ekonomiskt incitament att använda gemensam mätning 

av fastighets- och lägenhetsel för att öka egen-förbrukningen, systemstorleken 

och den ekonomiska avkastningen. Monte Carlo-analys har använts för att 

kvantifiera investeringarnas osäkerhet och visar att väl utformade system har 

81% chans att ge 3% avkastning, och även utan subventioner finns en 100% 

chans att få positiv avkastning. Om PVT integreras med bergvärmepump kan 

markytan för borrhål minskas med upp till 87% och ge en lägre 

livscykelkostnad än fjärrvärme, vilket kan bredda värmepumpmarknaden och 

minska hindren för elektrifiering av uppvärmningen. 

Resultaten ger vägledning för svenska husägare då metodiken ger verktyg att 

identifiera personliga motiv i beslutsfattandet. Metoden är också användbar 

för forskare, företagsledare och beslutsfattare för att förstå prosument-

perspektivet och främja installationen av solceller i den byggda miljön. 

Nyckelord 
Electrify everything, byggnadsenergisystem, energisystemanalys, 

solvärmepump, investeringsanalys, Monte Carlo analys, PVT, solhybrid  



iv 



v 

Acknowledgements 

Did you hear I finally graduated? 

Yeah and just a shade under a decade too, alright. 

You know, a lot of people go to college for seven years. 

I know, they’re called doctors. 

Completing this work took a long time, probably too long. But I would have 

never made it without the support of many people along the way. 

First I must thank my supervisor Hatef Madani; your guidance has been 

invaluable and working with you has been a pleasure and an honor. Thank 

you also to my co-supervisor Prof. Björn Palm for your sage advice and 

inviting me back to KTH.

To those I had the pleasure of collaborating with; Henry and Tosse, I was 

lucky to work with you and I hope it happens again. Davide, I don’t think I 

would have survived borehole modeling without you. Thank you to the 

agencies that funded this work, the Swedish Research Council Formas 

and the Swedish Energy Agency’s Effsys Expand program, as well as all 

of the industrial partners that provided input and support; Riksbyggen, 

Sustainable Innovation, Solhybrid i Småland, Thermia Heat Pumps, 

Skånksa Energilösningar, Bengt Dahlgren, Avanti, Nowab, and all of the 

home owners that graciously shared their time. 

The working environment at KTH is quite special, and I’m thankful for all 

of the intelligent people I’ve met, intriguing conversations we’ve had, and 

fun times along the way. I’m so glad to spend my time with all of you. 

To Mom; I am eternally grateful for the love, support, independence, and 

trust you gave me growing up. More than anyone, you have made me who I 

am today. Thank you also to Gramps and Grandpa, for recognizing that I 

have The Knack and shaping me into an engineer from a young age. 

And most importantly, I would never get anywhere without you Schmoops. 

Thanks for being there for me though all the ups and downs. Now, let’s go 

on some adventures! 



 

vi 

  



 

vii 

Contents 

1 INTRODUCTION ....................................................................................... 1 
1.1 Background ............................................................................................. 2 
1.2 Challenges and Previous Work .......................................................... 11 
1.3 Knowledge Gaps and Objective ........................................................ 16 
1.4 Thesis Structure .................................................................................... 17 

2 METHODOLOGY .................................................................................... 21 
2.1 Techno-Economic Prosumer Framework ....................................... 21 
2.2 Technical Analysis ................................................................................ 23 
2.3 Economic Analysis .............................................................................. 29 
2.4 Boundary Conditions........................................................................... 38 

3 SYSTEM SIZING ....................................................................................... 43 
3.1 Building Descriptions .......................................................................... 43 
3.2 Demand Profiles .................................................................................. 44 
3.3 Size Optimization ................................................................................. 46 
3.4 Communal Metering ............................................................................ 52 

4 RISK ANALYSIS ........................................................................................ 57 
4.1 Sensitivity Analysis ............................................................................... 58 
4.2 Probability Distributions ..................................................................... 59 
4.3 Stochastic Time Series Model ............................................................ 61 
4.4 Results .................................................................................................... 63 
4.5 Discussion on Updated Boundary Conditions ................................ 66 

5 PVT PLUS GSHP ........................................................................................ 67 
5.1 Model Description ............................................................................... 67 
5.2 Results .................................................................................................... 70 

6 CONCLUSIONS ......................................................................................... 79 

7 DISCUSSION .............................................................................................. 83 
7.1 Recommendations ............................................................................... 84 
7.2 Limitations and Future Work ............................................................. 85 
7.3 Contribution and Impact .................................................................... 87 

8 REFERENCES ............................................................................................ 89 
 



 

viii 

 

  



 

ix 

List of Figures 

Figure 1 – Basic electricity flow diagram for prosumers ....................................4 
Figure 2 – Electricity supply by source and domestic demand [4] ...................5 
Figure 3 – Historical Nord Pool Spot prices (in 2018 SEK) [22] .....................6 
Figure 4 – Retail electricity prices for large residential consumers [4,11,19] ..7 
Figure 5 – PV installations in Sweden by type [5] ...............................................8 
Figure 6 – Average installed system prices by size, excl. VAT [5] ....................8 
Figure 7 – Historic monthly average green certificate prices [30] ................. 10 
Figure 8 – Techno-economic model for PV prosumers ................................. 22 
Figure 9 – Independent (left) and communal (right) metering schemes ...... 27 
Figure 10 – PVT plus GSHP system diagram .................................................. 28 
Figure 11 – Diagram of the MCA process ........................................................ 34 
Figure 12 – Long-term electricity price scenarios [176] .................................. 36 
Figure 13 – Electricity price structures for PV investment ............................ 37 
Figure 14 – PV system price versus size [5] ...................................................... 39 
Figure 15 – PV system prices for MFH (excl. VAT) [5] ................................. 41 
Figure 16 – Average hourly building demand curves and PV production ... 44 
Figure 17 – Technical PV sizing indicators on 10 property loads ................. 45 
Figure 18 – Economic PV sizing indicators for Building 7 ............................ 47 
Figure 19 – Techno-economic indicators for all 10 buildings ....................... 51 
Figure 20 – Hourly property and apartment loads with PV production ...... 52 
Figure 21 – Economic PV sizing indicators for Building 4 ............................ 53 
Figure 22 – Sensitivity analysis for the Prevailing subsidy scenario .............. 59 
Figure 23 – Probability densities and cumulative probability for MCA ....... 60 
Figure 24 – Examples of the GBM price model output ................................. 63 
Figure 25 – Probability of investment success under policy scenarios ......... 64 
Figure 26 – Results distributions for SPB and IRR ......................................... 65 
Figure 27 – Probability of Profitability considering subsidy policy levels .... 65 
Figure 28 – PVT plus GSHP model in TRNSYS ............................................ 68 
Figure 29 – PVT thermal energy distribution and BH energy balance ......... 70 
Figure 30 – SPF4+ and TLCC as a function of BH length and PVT area .... 72 
Figure 31 – SPF4+ and TLCC as a function of BH spacing and PVT area .. 73 
Figure 32 – SPF4+ and TLCC as a function of evap. limits and PVT area .. 74 
Figure 33 – Categorical costs for selected systems and district heating ....... 75 
Figure 34 – Discount rate sensitivity for SHP and DH .................................. 77 
  



 

x 

 

  



 

xi 

List of Tables 

Table 1 – Most common economic indicators in PV literature ..................... 30 
Table 2 – Policy scenarios used to create electricity price development ...... 36 
Table 3 – Electricity price model assumptions ................................................. 38 
Table 4 – Core boundary conditions for PV investment ................................ 38 
Table 5 – Updated boundary conditions from original publications ............ 41 
Table 6 – Property load characteristics for 10 MFH ....................................... 43 
Table 7 – Techno-economic results for Building 7 at maximum NPV ........ 48 
Table 8 – Techno-economic results for Building 7 at maximum IRR ......... 48 
Table 9 – Maximum profitable PV sizes for Building 7 .................................. 49 
Table 10 – Techno-economic results for Building 4 at maximum IRR ....... 54 
Table 11 – Economic results for Building 4 with independent metering .... 54 
Table 12 – Policy scenario descriptions ............................................................. 57 
Table 13 – Variables and ranges tested for sensitivity ..................................... 58 
Table 14 – Probability distribution input definitions ...................................... 59 
Table 15 – Borehole and PVT array configurations ........................................ 71 
Table 16 – Sensitivity analysis input variables and ranges .............................. 76 
  



 

xii 

  



 

xiii 

List of Appended Papers 

Paper 1 

Sommerfeldt N, Madani H. On the use of hourly pricing in techno-

economic analyses for solar photovoltaic systems. Energy Conversion and 

Management 2015; vol. 102, pp. 180-189. doi:10.1016/j.enconman. 

2015.02.054. 

Paper 2 

Sommerfeldt N, Madani H. Revisiting the techno-economic analysis 

process for building-mounted, grid-connected solar photovoltaic systems: 

Part one – Review. Renewable & Sustainable Energy Reviews 2017; vol. 

74, pp. 1379-1393. doi:10.1016/j.rser.2016.11.232. 

Paper 3 

Sommerfeldt N, Madani H. Revisiting the techno-economic analysis 

process for building-mounted, grid-connected solar photovoltaic systems: 

Part two – Application. Renewable & Sustainable Energy Reviews 2017; 

vol. 74, pp. 1394-1404. doi:10.1016/j.rser.2017.03.010. 

Paper 4 

Sommerfeldt N, Madani H. In-depth techno-economic analysis of 

PV/Thermal plus ground source heat pump systems for multi-family 

houses in a heating dominated climate. Solar Energy 2019; vol. 190, pp. 

44-62. doi:10.1016/J.SOLENER.2019.07.080. 

  

https://doi.org/10.1016/j.enconman.2015.02.054
https://doi.org/10.1016/j.enconman.2015.02.054
https://doi.org/10.1016/j.rser.2016.11.232
https://doi.org/10.1016/j.rser.2017.03.010
https://doi.org/10.1016/j.solener.2019.07.080


 

xiv 

  



 

xv 

Nomenclature 

Abbreviations 
AC Alternating Current 

BCR Benefit Cost Ratio 

BRF Bostadsrättsförening 

CdTe Cadmium Telluride 

CHP Co-Heat and Power 

CIGS Copper Indium Gallium Selenium 

DC Direct Current 

DH District Heating 

DHW Domestic Hot Water 

DNI Direct Normal Irradiance 

DPB Discounted Payback Time 

EV Electric Vehicle 

GBM Geometric Brownian Motion 

GHG Greenhouse Gas 

GHI Global Horizontal Irradiation 

GSHP Ground Source Heat Pump 

IEA International Energy Agency 

IRR Internal Rate of Return 

KPI Key Performance Indicator 

LCC Life Cycle Costing 

LCOE Levelized Cost of Energy 

MCA Monte Carlo Analysis 

MFH Multi-family house 

m-Si Monocrystalline Silicon 

NPV Net Present Value 

O&M Operations and Maintenance 

PI Profitability Index 

PoP Probability of Profitability 

PPR Probability of Principle Return 

p-Si Polycrystalline Silicon 

PV Photovoltaic 

PVPS Photovoltaic Power Systems (IEA Program) 

RE Renewable Energy 

RMS Root Mean Square 



 

xvi 

Abbreviations (Continued) 

ROA Real Options Analysis 

SEK Swedish Crown 

SC Self-Consumption 

SF Solar Fraction 

SR Solar Ratio 

SFH Single Family House 

SHP Solar Heat Pump 

SPB Simple Payback Time 

SPF Seasonal Performance Factor 

TLCC Total Life Cycle Cost 

TMY Typical Metrological Year 

TPO Third-Party Ownership 

TPY Typical Price Year 

VAT Value Added Tax 

  



 

xvii 

Symbols 
A Area m2 

B Benefit SEK 

C Cost SEK 

d Discount Rate % 

E Electric Energy kWh 

G Global Solar Irradiance W/m2 

I Investment SEK 

L Lifetime Years 

N Normal Distribution - 

OM Operations and Maintenance Cost SEK 

p Price SEK/kWh 

Q Heat Energy kWh 

RV Residual Value SEK 

S Subsidy SEK 

T Temperature °C 

t Taxes (VAT) SEK 

U Uniform Distribution - 

W Weiner Process - 

Wei Weibull Distribution - 

X PV System Size kWp 

Y Payback Year Years 

y Discrete Year Years 

α Mean Reversion Sensitivity - 

β Temperature Coefficient %/°C 

Γ Gamma Distribution - 

δ Long-Term Price Mean SEK/kWh 

η Efficiency % 

θ Price Volatility - 

σ Standard Deviation - 

φ VAT Rate - 

 

  



 

xviii 

  



 

xix 

Subscripts 
0 Year Zero  

al Apartment Loads  

b Backup  

bh Borehole  

boil Boiler  

cell Cell  

dhw Domestic Hot Water  

el Electricity  

eq Equipment  

g Grid  

hp Heat Pump  

m Retail Markup  

n Network  

op Overproduction  

p Peak Power rating  

pl Property Loads  

pmp Pump  

poa Plane of Array  

pv Photovoltaic  

pvt PV/thermal  

r Retail  

s Subsidy  

sc Self-Consumption  

sh Space Heating  

snk Sink  

src Source  

stc Standard Test Conditions  

sys System  

t Total  

vat VAT Tax  

w Wholesale  

 

 

 





Introduction 

 1 

1 Introduction 

Environmental sustainability is an increasingly pressing issue. As part of their 

response, the Swedish Government is aiming for a 100% renewable electricity 

system by 2040 [1] and no net greenhouse gas (GHG) emissions by 2045 [2]. 

In the transition, the Swedish Energy Agency is targeting solar photovoltaics 

(PV) to supply 5-10% of total electricity demand in 2050, about 15-35 times 

more capacity than today [3]. Buildings provide an ideal location for mounting 

solar panels because no additional land is required and the energy can be 

generated directly at the load, thereby saving transmission losses. This new 

type of stakeholder in the energy system, one who produces and consumes 

energy, is known as a prosumer. 

Modern buildings have high standards of comfort and consequently high 

energy demands. Thirty-nine percent of all final energy use in Sweden is in 

buildings, the single largest sector [4]. Most of this energy is used for space 

heating, which leads to peak demands for energy in the winter precisely when 

solar supply is at a minimum. Therefore, careful considerations need to be 

made regarding solar array sizing and integration with the building energy 

system such that a good economic result can be achieved. 

The low electricity prices in Sweden make it difficult for PV to compete in 

the wholesale market [5]. Retail prices are much higher, so direct consumption 

of solar energy in buildings can have a better economic outcome for the 

system owner, adding further motivation for solar installations in buildings. 

Multi-family houses (MFH) are particularly interesting, as the larger systems 

can achieve better economies of scale as compared to villas, and several or 

sometimes hundreds of homes can go solar with a single installation. 

Solar energy has been utilized and researched in Sweden for many years, but 

only recently has PV become an economically viable option for grid-

connected buildings [5]. Public interest in solar energy is high [6,7], however 

becoming a prosumer can be a daunting undertaking for a non-expert. The 

multiple forms of energy used by buildings combined with a diverse range of 

solar technologies create a myriad of potential system configurations. Some 

can be quite simple, like adding PV to an existing building, while others can 
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include unique storage and control strategies, or complex integration with the 

heating, cooling, and ventilation systems.  

Achieving rapid diffusion of solar PV to meet energy and climate goals 

requires identifying system strategies that have a meaningful impact while 

maintaining cost-effectiveness. Prosumers are building micro-size power 

plants on their roofs, meaning they are exposed to many of the same market 

and policy uncertainties as traditional power providers. These uncertainties 

need to be understood before making an investment decision. Solar energy 

can also be a vector for additional sustainable technologies, such as heat 

pumps or electric vehicles, and it is valuable to identify these opportunities 

before decisions are taken and they are potentially missed. 

This thesis contributes to sustainable development by identifying and 

describing economically interesting opportunities for solar PV in Swedish 

multi-family housing. The analyses are primarily made from the prosumer’s 

perspective during the decision making process, however the results are useful 

for identifying opportunities for multiple stakeholders. The methods, results, 

and conclusions will also be valuable for researchers, developers, and policy 

makers interested in increasing solar PV deployment in multi-family housing. 

Knowledge gaps and specific objectives are defined following a brief 

background on energy in buildings, solar technology, and challenges. The 

introductory chapter then closes with a description of the thesis structure and 

the journal articles on which it is based. 

1.1 Background 
This subchapter provides context and background knowledge of the current 

situation for energy supply and demand in Swedish MFH, relevant solar 

technologies, and the electricity market with applicable policies towards 

renewable (RE) and solar energy development. 

1.1.1 Energy Use in Swedish MFH 
As of 2018 there are 4.9 million homes in Sweden, of which approximately 

58% are in multi-family buildings [8]. On average, space heating accounts for 

50% of final energy use, followed by 27% for electric devices and 23% for 

domestic hot water (DHW) [4,9,10]. These divisions can vary considerably 
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depending on the building envelope, ventilation systems, and occupant 

behavior, and in newer buildings the division of energy demand types can be 

nearly equal [10]. District heating (DH) is by far the most common heating 

supply technology in MFH, with over 90% of thermal energy being delivered 

via heat networks [4]. DH is sourced primarily from combusted biomass and 

municipal solid waste, with an industry average GHG emissions of 76 

g/kWhth of CO2-equivalent [11]. 

Electricity use in MFH can be divided into two categories: property and 

apartment. Property electricity is used by devices that offer shared services to 

the entire building/community, such as pumps and fans, exterior/stairwell 

lighting, and laundry rooms. Apartment electricity is used inside the dwellings 

for private activities, like cooking, cleaning, lighting, and entertainment. In 

cooperative-owned MFHs, bostadsrättsförening (BRF) in Swedish, it is 

typical for the cooperative to pay for property energy use, which is then 

included in monthly fees, and for apartment owners to have their own 

electricity meters and accounts. In rental apartments, hyresrätter in Swedish, 

it is typical for the landlord to include all utilities in the rent, including 

apartment electricity. 

1.1.2 Solar Technologies 
Solar energy arrives to Earth as electromagnetic radiation and there are 

numerous methods or devices that can be used to convert solar radiation into 

useful energy. Some are very simple, such as orienting a building in such a 

way that it’s passively heated by the sun during cold seasons; others are very 

complicated, like hectares of finely polished mirrors which track and 

concentrate sunlight onto a single point to melt salt. To limit the scope of this 

review, only PV technologies most relevant to buildings in the current market 

are discussed. 

Over 90% of the PV systems in the world are based on crystalline silicon 

technology and it remains the dominant technology produced today [12,13]. 

There are two main types, monocrystalline (m-Si) and polycrystalline (p-Si). 

M-Si is characterized by its higher efficiencies (17-22%), black color, and 

higher efficiency at elevated temperatures. P-Si is a lower cost option with an 

average efficiency near 17% and a bright blue color. Approximately 2/3 of 

silicon PV modules produced today are p-Si. 
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The other primary PV technology in the marketplace is thin film, which 

constitutes a variety of technologies but are dominated by cadmium-telluride 

(CdTe) and copper-indium-gallium-selenium (CIGS) types [13]. Thin films 

have an aesthetic advantage with their homogenous, black cells and are often 

used in architectural applications, such as façade or roof integrated PV. Their 

efficiencies are typically lower than silicon, however state-of-the-art modules 

are now similar to p-Si. 

Beyond the PV array, a grid-connected system requires an inverter to convert 

direct current (DC) electricity from the PV into alternating current (AC) used 

by the building and grid. Prosumer PV systems are installed behind-the-meter, 

meaning that electricity will first be used to supply the loads inside the 

building; known as self-consumption. If there is greater generation than 

demand, called overproduction, this will flow out through the meter and into 

the local distribution grid. This concept is exemplified in Figure 1. 

Figure 1 – Basic electricity flow diagram for prosumers 
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Prior to PV becoming affordable, most solar installations were done with 

thermal collectors used to prepare DHW [14]. Using the same design 

principles from thermal collectors, PV can be incorporated into the absorber 

to create a PV/thermal (PVT) hybrid capable of producing electricity and heat 

from the same area. There are numerous methods for making the integration 

that have been researched for decades [15–17]. The form most prominent 

today is a standard PV module with a heat exchanger pressed on the rear side, 

either with or without insulation, however PVT products are relatively rare in 

the marketplace. Thermally, PVT collectors behave similarly to unglazed solar 

thermal collectors, which means they have high efficiency when the operating 

temperature is near or below ambient and lower efficiency at typical DHW 

operating temperatures. 

1.1.3 Electricity Market 
The electricity system in Sweden is remarkable in that it has a low cost relative 

to most nations and a low rate of GHG emissions. Since the 1980’s, electricity 

has been generated by two predominant sources, hydro and nuclear, as shown 

in Figure 2 [4]. Co-heat and power (CHP) integrated with district heating had 

been the third largest source, however wind development has boomed in 

recent years, moving into third and now accounts for 11% of total generation. 

With the vast majority of electricity being generated from low-carbon sources, 

the Swedish system emits 25 g/kWhel of CO2-equivalent in greenhouse gases, 

the lowest in the EU28 whose average is 413 g/kWhel [18]. 

 

Figure 2 – Electricity supply by source and domestic demand [4] 
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Most of the Swedish electricity supply is traded on Nord Pool Spot; a 

deregulated market founded in 1991 in Norway, joined by Sweden in 1996, 

and now extends to most North European countries. Trading occurs 

primarily in the day-ahead, hourly spot market, but there is also inter-hour 

trading using 15-minute intervals and futures trading reaching several years 

ahead. The hourly spot market is the primary economic concern for 

prosumers since spot prices influence electricity purchase and sale prices in 

buildings [19]. 

There are many complex factors that determine electricity price, however the 

primary driver in Sweden is weather [20,21]. This is due to the high fraction 

of hydropower and electricity-based heating. When it is relatively dry and/or 

cold, prices trend upward; when it is wet and/or warm they trend downward. 

The monthly average spot prices, inflation adjusted to 2018 SEK1, are given 

in Figure 3 with a 12-month moving average. 

Figure 3 – Historical Nord Pool Spot prices (in 2018 SEK) [22] 

The retail electricity market is also deregulated, meaning customers can 

choose from over 120 retailers and select from a variety of contract types [19]. 

There are two main types of contracts; fixed and variable. A fixed contract 

keeps prices constant for one to three years (typically), while variable 

contracts follow the spot market. Customers have been consistently switching 

1 In 2019, the exchange rate for Swedish Crowns (SEK) is approximately 10.5 SEK 

to 1 Euro and 9.5 SEK to 1 U.S. Dollar [224]. 
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to variable contracts, which now represent 47% of the market compared to 

30% for fixed. The vast majority of variable contracts use monthly average 

wholesale prices while some, particularly those with high and/or flexible 

loads, use hourly spot prices directly from Nord Pool. 

The wide variety of contract and customer types makes it difficult to identify 

a single representative retail electricity price for prosumers. Generally 

speaking, the unit prices are lower for larger consumers since they have more 

kilowatt-hours to spread fixed fees across. For all customers, there are five 

main components that make up the final retail price; network, electricity, 

green certificates, electricity tax, and value added tax (VAT). A breakdown of 

price components since 1996 for large residential customers (20 MWh/year) 

is shown in Figure 4. Taxes are the largest component, accounting for 45% 

of the final retail price. 

 

Figure 4 – Retail electricity prices for large residential consumers [4,11,19] 

1.1.4 PV Market 
Relative to most of Europe, the Swedish PV market is small but growing fast. 

As Figure 5 shows, 158 MWp were installed in 2018 to reach a cumulative 

total of 425 MWp, of which over 90% are on grid-connected buildings [5]. 

Prosumer installations make it difficult to state exactly how much PV 

electricity is generated, but using typical specific generation figures suggests 

about 400 GWh/year, or 0.2% of total supply. Besides strong public interest, 

the growth is largely fueled by generous subsidies, declining costs, increased 

interest from utilities, and simplification of regulations for prosumers. 
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Figure 5 – PV installations in Sweden by type [5] 

Figure 6 shows the specific price for turnkey system installations (SEK/Wp) 

without VAT from 2010 to 2018, which have declined about 75% in that time 

[5]. Price declines have slowed in recent years in part because demand is high 

and subsidies have been reasonably stable since 2014. So as hardware costs 

decline, installers can take higher margins while maintaining profitability for 

customers.  Hardware accounts for approximately 50% of the system cost, 

with soft costs accounting for 30% and VAT 20%. 

Figure 6 – Average installed system prices by size, excl. VAT [5] 

1.1.5 Renewable Energy Policies 
The current energy policy in Sweden is based on the following guiding 
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Energy policy should create the conditions for efficient and sustainable energy utilization, 

and a cost-effective energy supply for Sweden with a low negative impact on health, the 

environment, and climate, and facilitate the transition to an ecologically sustainable society. 

There are two primary goals outlined in the latest policy; a 100% renewable 

energy system by 2040 and a 50% more energy efficient economy by 2030. 

There is a complementary climate policy goal for Sweden to become a net-

zero greenhouse gas emitter by 2045 [2]. Within these long term goals, solar 

PV is generally treated positively by benefiting from both general RE policies 

and PV specific policies. Prosumer systems specifically have been highlighted 

and numerous policy changes over the past five years have sought to lower 

barriers to installation. 

The current capital rebate program has been in effect since 2009 when a 60% 

tax rebate was offered on the cost of a PV or PVT installation. The program 

has been reviewed approximately every two years, with a steady decline in 

rebates to the maximum 20% offered today [23]. A limiting factor in the 

program has been the allocated budget, which has not kept up with the rapid 

growth in demand and formed long queues [24]. The budget rose quickly 

from 90 MSEK in 2015 to 1085 MSEK in 2018 in an attempt to reduce the 

queue [25]. However, the rebate has become contested in recent budget 

making, with conservative parties seeking to reduce the allocated funding 

under guidance from the Swedish Energy Agency [26]. The 2019 budget was 

originally voted in at 535 MSEK, but in the spring revision amended to 735 

MSEK [27] and up to 1200 MSEK in autumn revision [28]. 

The green certificate program has been the primary tool for renewable energy 

development in Sweden since 2003 [29]. It is a quota system where RE 

generators earn certificates for each megawatt-hour, and large consumers or 

retailers must generate their own renewable electricity or purchase certificates 

in government defined quantities. Electricity consumers ultimately pay for the 

program, currently about 0.04 SEK/kWh as shown in the retail electricity 

prices in Figure 4. The average monthly market price for certificates since the 

beginning of the program is shown in Figure 7, showing a long-term trend of 

decline. Certificates last for 15 years and will be issued until 2030, meaning 

the last certificates will expire in 2045. The system has primarily benefited 

wind and biomass installations, and it has been difficult for prosumers to 
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participate [5]. To earn certificates on all of their production, prosumers must 

purchase a separate meter otherwise only overproduction fed into the grid 

earns certificates. Historically, it has also been a challenge for prosumers to 

find buyers for such small quantities, however utilities are increasingly buying 

them as part of their of customer support/service. 

Figure 7 – Historic monthly average green certificate prices [30] 

Since 2015 there has been a feed-in bonus program, also known as the micro-

producer tax credit [31]. Overproduction fed into the grid earns 0.60 

SEK/kWh returned as a tax credit so long as the total demand is greater than 

the total PV generation and the prosumer has a tax liability. It is limited to 

prosumers with 100 amp grid connections, corresponding to a maximum PV 

array size of about 66 kWp. The maximum a single prosumer can earn in a 

year is 18,000 SEK, equivalent to 30,000 kWh of overproduction. This 

program is open to most types of renewable energy, however PV represents 

about 95% of the program [5]. It differs from a feed-in tariff in that it is an 

additional payment on top of what electric utilities and grid owners pay for 

the energy. No specific term has been specified in the policy, meaning it could 

be removed at any point by a political decision. In 2018 approximately 50 

MSEK were paid to PV prosumers in this program. 

In recent years there have been numerous regulatory changes around 

prosumers and taxation, most of which aim to integrate prosumers with 

existing laws and minimize burdens. While negotiating the extension of the 

green certificate program, Norway requested that the Swedish electricity tax 

applied to grid-delivered electricity also be applied to non-professional power 
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plants, i.e. prosumers. This would have strongly impeded the prosumer PV 

market in Sweden, and ultimately the regulation put into place exempts 

prosumers with systems under 255 kWp [32]. If a single prosumer has PV on 

multiple buildings where each system is smaller than 255 kWp but in total is 

more than 255 kWp, as could happen in a large housing cooperative, then the 

electricity tax on self-consumption is a marginal 0.005 SEK/kWh. Largely 

motivated by prosumers, VAT laws were modified in 2017 that exempt 

economic activity under 30,000 SEK/year [33]. Previously, a prosumer selling 

any amount of overproduced electricity would have to register and report 

VAT, burdening the prosumer and tax authority with administrative work for 

relatively small amounts of money. If more than 30,000 SEK/year are earned, 

then VAT must be paid on the sales revenue. 

Whether self-consumed or fed into the grid, prosumers primarily deliver 

electricity at load centers, thereby saving on transmission losses from central 

power plants. This benefits transmission and distribution firms and therefore 

prosumers are entitled to reimbursement depending on the grid owner and 

location. This payment applies only to overproduction fed into the grid and 

is typically between 0.02 and 0.10 SEK/kWh [5]. Prosumers also have the 

ability to earn guarantees of origin for their overproduction, which are used 

by utilities who wish to certify to their customers they buy electricity from 

specific sources. The volumes traded are extremely low in Sweden and the 

value of guarantees are relatively insignificant for prosumers [5]. 

1.2 Challenges and Previous Work 
Given the government support and rapid progress in the Swedish PV market, 

solar seems to be on the way to taking its place in the electricity system. The 

Swedish Energy Agency has proposed an annual PV generation goal of 7-14 

TWh by 2040, between 5-10% of total supply [3], while their cost-minimized 

scenarios are predicting 5-9 TWh, or about 2-6% of total supply [34]. If the 

2018 installation rate remains constant until 2040, there would be 3.8 TWh 

per year of PV generation, not far from the lower prediction but far from the 

goal. A crucial determinate between these outcomes is that Swedish energy 

policy is generally agnostic towards renewable energy technologies. One of 

the pillars guiding policy design is that energy remains cost-competitive, 

therefore costly subsidy programs will have their political limit. 
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Many countries in Europe have had explosive growth in PV installations 

followed by collapse due to change in the political winds [12,35]. In Sweden, 

there is already pressure to temper the rapid growth. A 2017 report from the 

Swedish National Audit Office (Riksrevisionen) concluded that more study 

was needed to motivate the large spending increases for solar subsidies, as 

they are potentially sub-optimal for a cost-effective energy system [36]. The 

following year, the Swedish Energy Agency recommended much lower 

subsidies in the budget, which is supported by several political parties [26]. 

PV markets are highly sensitive to subsidies [12], therefore for PV to make a 

meaningful contribution to the Swedish energy system, continued cost 

reductions and/or new value propositions will need to be found. This thesis 

is focused on the second challenge; new value propositions. 

1.2.1 PV Research in Sweden 
At the beginning of this doctoral work in 2013, there was relatively little 

techno-economic information on PV systems for Swedish prosumers. Some 

municipalities and organizations provided local resources [37], otherwise 

there was (and is) the popular Bengt’s Villa Blog, written by a professor acting 

as a citizen activist for solar energy [6]. In addition to the work in this thesis, 

there have been several other contributions to Swedish techno-economic 

research in recent years. 

Stridh (of Bengt’s Villa Blog) has published [38] and maintains levelized cost of 

energy (LCOE) information on his website, and has worked with industry to 

create a standardized LCOE calculation method [39]. Haegermark et al. [40] 

examined the profitability of optimal rooftop PV systems in MFH 

considering main fuse size and subsidy program. They found that without 

subsidies, a combination of preconditions need to be met in order to have a 

profitable investment, but that subsidies made over 90% of cases profitable. 

Lingfors et al. [41] investigated the technical and economic potential of PV in 

a rural, agricultural community. They found no limitations in the grid 

infrastructure but that systems are unprofitable without subsidies. Thygesen 

and Karlsson [42] modeled a net-zero energy house with a ground source heat 

pump and compared solar thermal collectors with PV. They demonstrate the 

impact that metering policies have on PV economics, and that PV provides a 

greater utility to the building and is more profitable than ST. 
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Self-consumption of PV generation has had increased attention as PV 

adoption grows [43], particularly for high latitude locations like Sweden. 

Thygesen and Karlsson [44] investigated the use of thermal (hot water tank) 

versus battery storage in a SFH. The two techniques are able to increase self-

consumption equally, however thermal storage has a much lower cost and 

selling overproduction to the grid had the lowest cost. Studies supervised by 

the author have confirmed the lack of profitability for batteries with prosumer 

PV, suggesting significant cost reductions are necessary for broad diffusion 

[45,46]. Munkhammar et al. [47] investigated the potential for matching PV 

production with electric vehicles (EV) and found there are few hours of the 

year where PV can directly charge a vehicle at a residence. Luthander et al. 

[48] compared battery storage strategies in a community of 21 single family 

homes and quantified the potential revenues from storage. Aggregating the 

buildings under one meter increased self-consumption by 15% and revenues 

by 23%, while using a single community battery vs. individual homes only 

increased revenues by 3%. A similar study by the author [49] investigated the 

net present value of various metering schemes for MFH, finding that 

aggregating apartments substantially improves the economic outcome. 

1.2.2  Investment Uncertainty 
Value is highly personal and subjective, and motives for investing in PV are 

diverse, especially in a nascent market where early adopters may not be 

primarily motivated by economic value [6,50–52]. When investing in PV, they 

may place value on the environment, social influence, self-sufficiency, simply 

be curious about the technology, or some combination. However, for a 

commodity like electricity, a positive economic outcome is a prerequisite for 

mass market adoption [53–56]. This is demonstrated by the response of 

installation rates to subsidy reductions [57]. 

The cash flow characteristics of PV play a significant role in the economic 

valuation for prosumers; there is a large upfront investment with uncertain 

long-term benefits. Additionally, the investment is effectively irreversible due 

to the high cost of removal, adding pressure on the decision to invest. The 

combination of irreversibility and uncertainty over the long-term lead to 

seemingly irrational behavior, where energy investments are clearly valuable 

according to neo-classic economic calculations, but consumers don’t invest 

[58]. The paradox can in part be explained by consumer response to 
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uncertainty, which increases the required return on investment multiple times 

over a reasonable market rate, known as the option value [59–62]. More 

recently, it has also been explained using Cumulative Prospect Theory, which 

uses a value function that places greater importance on avoiding financial 

losses than making gains [63]. 

One powerful tool for overcoming this barrier has been third-party 

ownership (TPO), where companies install PV on prosumer roofs but retain 

ownership and maintenance duties while charging the building owner for the 

electricity delivered to the building. This solar-as-a-service model trades the 

high up-front investment to the prosumer, dramatically reducing or 

eliminating payback time [64]. The model has been credited for the boom in 

solar installations in the United States [65], but has since waned as access to 

loans for PV improved [66]. A PV loan offers better economics than a TPO 

arrangement, however cash purchases still offer the best return [67]. Access 

to financing has solved a cash-flow problem for a large segment of prosumers, 

however the uncertainty problem is not entirely removed as market and policy 

factors can still undercut the economic value of PV for prosumers and/or 

other stakeholders. 

As mentioned above, expected changes in costs or benefits in the future may 

lead consumers to wait on investing in PV if they believe, or are unsure, that 

the ideal time to invest is in the future. The most common tools for analyzing 

uncertainty are sensitivity and scenario analysis. More advanced tools from 

finance, such as real options analysis (ROA) and Monte Carlo analysis (MCA), 

have also been applied to PV studies. ROA is used to calculate an 

investment’s value at a future point using a variety of methods, including 

differential equations [68], discrete simulations [69], or with simplified rules 

of thumb [70]. MCA uses traditional engineering economics calculations and 

replaces some of the deterministic inputs with stochastic inputs [71]. The 

calculations are then run hundreds or thousands of times, creating a 

distribution of possible outcomes. This improves on sensitivity analysis by 

reporting what the likelihood of a given investment outcome is, rather than 

just what the possible range is. In PV analysis, use of ROA [72–75] and MCA 

[76–79] occur at about the same rate, however neither is common when 

compared to sensitivity analysis. 
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1.2.3 Heat Pump Integration 
The Electrify Everything concept is a strategy for sustainable energy 

development; all end-use energy devices are electric and all electricity is 

generated with renewables and/or carbon-neutral sources [80]. Prosumers 

have been found to be more aware of their energy system after investing in 

PV [81], and many seek to co-adopt other energy technologies, such as 

building efficiency or electric vehicles [82]. In building energy systems, heat 

pumps offer the most efficient form of electric heating supply, making solar 

heat pumps a natural fit for sustainable buildings. 

Solar heat pumps (SHP) with thermal collectors have been researched for 

decades [83–85], however the most comprehensive collection of work came 

via the IEA’s recent joint project Solar Heating and Cooling Task 44 / Heat 

Pump Program Annex 38, resulting in a useful handbook for researchers and 

engineers [86]. One general conclusion is that high-efficiency, glazed 

collectors connected to the DHW tank in parallel to the heat pump produce 

the highest efficiency systems. With ground source heat pumps (GSHP), 

connecting the collectors in series, i.e. as a secondary heat source, are more 

effective at reducing the required borehole length. In SFH, the potential for 

borehole reduction is relatively small due to the rapid dissipation of heat [87–

89], whereas MFH have a greater volume of earth and more boreholes, 

increases reduction potential. In simulations, Eslami-nejad et al. [87] reduced 

the total length of a 5 x 5 borehole field in Canada by 38% using 200 m2 of 

unglazed thermal collectors. Emmi et al. [90] modeled a MFH with GSHP in 

multiple European cities, finding that the borehole length in Stockholm could 

be reduced by 50% if high-temperature ground heat exchangers are used. 

The recent boom of the PV market has caused a subsequent reduction in the 

solar thermal market [14] and a corresponding increase in the interest for PV 

and PVT based SHP [91,92]. With PV-SHP, the connection between systems 

is electric, meaning the heat pump can either be left unaltered or controlled 

to operate more frequently during PV production. Several controls studies 

have improved economic performance due to greater self-consumption, but 

at the cost of system efficiency due to greater DHW tank losses [93–95]. In 

contrast, a recent Swedish study presents control algorithms that increase self-

consumption, reduce energy costs, and improve heat pump efficiency by 

reducing the direct electric heater use in an exhaust air heat pump [96]. 
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Due to their higher efficiency, PVT collectors are a good fit for MFH with 

their relatively limited roof areas [97]. PVT-SHP have been highlighted as an 

area of development interest, particularly in a series configuration [86,98]. A 

low-exergy MFH concept from Switzerland has been presented using PVT 

collectors and a novel dual-depth borehole field, with simulations showing an 

average heating season COP of six [99,100]. A community scale system in 

Korea providing heating, cooling, and electricity with a PVT plus GSHP 

system was found to reduce net energy supply by 11% as compared to a 

GSHP-only system [101], which was later improved to 15% using a fuzzy 

logic controller [102]. Aside from one system monitoring study in Sweden 

[103], the author is unaware of any studies that report both technical and 

economic indicators on the PVT-SHP concept. 

1.3 Knowledge Gaps and Objective 
Multi-family houses present themselves as an opportunity for PV deployment 

due to their large roofs and improved economies of scale over single family 

houses. However, the management structure of MFH require economically 

motivated decisions to be made about communal property. Given the 

dynamic behavior of electricity and PV markets, along with rapidly changing 

policy, MFH executive boards often lack the necessary information to make 

fully informed decisions [104]. 

MFH also present a large opportunity for heating electrification, which under 

the present Swedish conditions would reduce GHG emissions by replacing 

district heating. DH is prevalent in MFH because they are usually built in high 

density areas, restricting the option to install GSHP due to the lack of land, 

and restricting the option to install air source HP due to noise. PVT collectors 

are known to reduce borehole lengths in GSHP when connected in series, 

however it is not known whether this improvement is economically 

interesting. It’s possible there is a missed opportunity for PV to have a greater 

impact on sustainable building development than simply renewable electricity 

generation. 

The overarching objective of this thesis is to identify and describe value 

propositions for solar PV within Swedish multi-family houses, thereby 

contributing to the energetic, economic, and environmental goals of building 
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owners and society. More specifically, the goal is to answer three fundamental 

questions about solar PV from the prosumer’s perspective: 

 How much PV should I install? 

 What is the chance my system will become unprofitable? 

 How can I broaden the value of my PV system? 

1.4 Thesis Structure 
To meet the main objective and answer the prosumer’s questions, multiple 

branches of inquiry are made following an extensive review of techno-

economic analysis models and key performance indicators. The general 

approach is broken into five specific studies: 

1. Catalog the techno-economic tools and models relevant to PV analysis.

2. Identify an appropriate electricity price model for PV analysis.

3. Optimize PV sizing within the multi-family house energy system.

4. Quantify the investment uncertainty of PV into a known risk.

5. Describe the techno-economic benefits of PVT in GSHP systems.

The thesis is presented as a capstone essay populated primarily by four 

previously published scientific journal articles, which are listed on page 18 and 

appended. A considerable portion of the work is dedicated to methodologies 

(Studies and Papers 1 and 2), which are summarized in Chapter Two. Per 

Study 3, a techno-economic optimization of PV in MFH is given in Chapter 

Three, which is an updated analysis from a KTH published report led by the 

author and referenced as Paper g on page 19. Chapter Four matches Study 4 

with an uncertainty analysis originally presented in Paper 3. Chapter Five is a 

PVT plus GSHP analysis matched to Study 5 and published in Paper 4. The 

conclusions are given in Chapter Six which are followed by a discussion in 

Chapter Seven, including recommendations, the limitations of the presented 

work, identification of future research on the subject, and the contribution of 

this work to science and society. 
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2 Methodology 

Techno-economic analyses can take a wide array of forms depending on the 

objective, audience, market, application, or location. Likewise there are a 

variety of potential technical and economic methodologies that can be applied 

to any given objective. Studies 1 and 2 on Page 17 are focused on identifying 

appropriate methods for prosumer-centric techno-economic analysis, which 

is the subject of Papers 1, 2, and in-part 4. These are combined into a single 

methodology section presented here, including the review and motivation for 

methods applied throughout the thesis. Studies 3, 4 and 5 are performed with 

three different approaches; a techno-economic optimization study, an 

uncertainty analysis, and the modeling of a complete building energy supply 

system. Technical and economic modeling tools and key performance 

indicators (KPI) are reviewed and motivated in the following subchapters. 

2.1 Techno-Economic Prosumer Framework 
This thesis is bound to the motivations and needs of prosumers in the 

deregulated Swedish electricity market; PV generation is self-consumed and 

there is unhindered market access to sell overproduction. This is in contrast 

to the traditional supplier or feed-in tariff models where all generation is 

delivered directly to the grid. The prosumer model can be translated into a 

techno-economic analysis framework, shown graphically in Figure 8, and is 

the basis for defining prosumer objectives, selecting appropriate component 

models and KPI. It is important to clarify that this model’s objective is not to 

predict prosumer behavior, which is the domain of technology diffusion 

analysis, but to ensure a relevant and useful analysis is being communicated 

to prosumers for use in the decision making process.  

The graphical model is similar to a workflow diagram including components 

and flows of information. Components and flows are categorized as technical 

(blue), economic (yellow), social (red), or some combination. Generally 

speaking, the workflow is from left-to-right, where the technical system and 

boundary conditions are defined, then economic boundary conditions, and 

finally an output indicator is delivered to the prosumer. System boundaries 

are placed around the building as they are the only components under 

prosumer control [105]. Some components in the environment are partially 
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under prosumer control (e.g. selecting a PV installer with a lower price or 

electricity retailer with lower fees), however greater market forces are more 

relevant for this analysis and thus these components are left in the model 

environment. 

Figure 8 – Techno-economic model for PV prosumers 

An important aspect of this model is the holistic consideration for the 

technical, economic, and social factors related to prosumer PV adoption. 

Identifying PV system value requires an understanding of what is valuable to 

prosumers, which can be diverse and highly influenced by social factors. The 

bulk of this thesis is done in the technical and economic dimensions, which 

has a long history of objective performance definitions. Many of them are 

reviewed here and several familiar indicators are applied. However, the 

overarching motivation is consistently towards the effective communication 

of value to the prosumer, which is more than just the indicator alone; context, 

perspective, and timing are also critical factors. Communication techniques 

are not studied specifically here, but rather this thesis provides the ground 

work towards future efforts in PV diffusion research for prosumers. 

Feedback loops are shown to represent the system evolving over time and 

treats prosumers as an aggregated class representing the distributed PV 

market. In the top portion of the model, growth of the prosumer market leads 

to reduced PV system costs, development of new technologies, and/or better 

financing terms. In the bottom feedback loops, high penetrations of PV can 
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lead to price collapse during hours of generation [106–108], potentially 

impacting existing investments or causing changes in products offered by 

utilities. The government component at the center has disconnected feedback 

from all sectors, representing the wide range of societal influence on policy. 

Although a complete model is defined here and non-linear modeling tools are 

reviewed in Paper 1, feedback loops are outside the scope of this thesis. Only 

one study was found that specifically focus on the larger system dynamics 

represented in this model [109], which is relatively expensive in terms of 

modeling and computational resources for the objectives in this work. 

2.2 Technical Analysis 
The technical portion of PV analysis refers to modeling the climate, electrical 

generation of the PV system, and the demands of the building’s energy 

system, all represented by the blue workflow in Figure 8. 

2.2.1 Irradiance and Climate 
PV generation is predominantly a function of solar irradiance. There are three 

primary methods for acquiring radiation input data; measurements, modeling, 

and a combination of both. High quality measured data for a specific site is 

rare, therefore most simulations use a proxy site or some level of modeling. 

Weather station data is typically provided in a format suitable for long-term 

analysis, such as the typical meteorological year (TMY) [110], and commonly 

includes global horizontal (GHI) and/or direct normal irradiance (DNI). 

Several databases of modeled data that combine ground and satellite 

measurements are capable of generating GHI and DNI data at hourly 

resolutions [111–113]. Commercial examples include Meteonorm [114], 

SolarGIS [115], and 3TIER [116]. This data can be combined with diffusion 

models [117,118] and orientation models to determine total radiation incident 

to the PV surface. Another approach is to model the clear sky irradiance based 

on the known characteristics of the sun and atmosphere, then adjust the 

irradiance on the ground based on modeled cloud cover [119].  

Irradiance model accuracy has been empirically validated, showing that the 

models discussed here demonstrate good annual accuracy (absolute errors of 

1%-3%) but are less accurate for any particular hour (RMS values of 5-10%) 

[120–122]. Since a specific location is not necessary to define in this thesis, 
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TMY2 data from Stockholm-Arlanda airport is used as a representative proxy 

in all models where PV is simulated with hourly time steps. The solar resource 

in Stockholm is largely representative of central Sweden where most of the 

population is living [123]. When a shorter time step is needed, a stochastic 

one-minute model based on hourly values [124] in Meteonorm 7.2 [125] is 

used and combined with hourly temperature and wind data. 

2.2.2 PV System 
It can be said informally that there are three tiers of PV model complexity; 

tier one is a simple efficiency model, tier two incorporates thermal effects, 

and tier three is based on an electrical circuit model. Equation 1 defines PV 

production (Epv) as a function of the irradiance (Gpoa) striking the PV area 

(Apv), converted to electricity at a given fixed efficiency (ηpv), with additional 

losses due to the remaining balance of systems equipment (ηsys). Another 

form is shown in Equation 2, where PV area and efficiency terms are replaced 

by the peak power rating (Pp) at standard test conditions (STC) and the 

irradiation at STC (Gstc). Both models also assume that the PV cell 

temperature matches STC, which is 25°C. PV cells lose efficiency at elevated 

temperatures, and during regular operation they can reach 40-70°C. Equation 

3, originally described by Menicucci [126] and Osterwald [127], corrects for 

this by adding a derating model based on a STC reference cell temperature 

(Tstc), PV cell temperature (Tcell), and an efficiency loss rate due to temperature 

(β). Calculating cell temperature is a function of irradiance, air temperature, 

and wind speed [128,129]. In all three equations, the total energy produced is 

the integration of power values of the period of interest, typically one year. 

𝐸𝑝𝑣 = ∫ 𝐺𝑝𝑜𝑎𝐴𝑝𝑣𝜂𝑝𝑣𝜂𝑠𝑦𝑠 Eq.1 

𝐸𝑝𝑣 = ∫
𝐺𝑝𝑜𝑎

𝐺𝑠𝑡𝑐
𝑃𝑝𝜂𝑠𝑦𝑠 Eq.2 

𝐸𝑝𝑣 = ∫
𝐺𝑝𝑜𝑎

𝐺𝑠𝑡𝑐
𝑃𝑝(1 − 𝛽(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑠𝑡𝑐))𝜂𝑠𝑦𝑠 Eq.3 

The equivalent diode circuit model takes a completely different approach by 

modeling the PV cell as a circuit, generating an I-V curve using specific 

module characteristics found on the specification sheet, incident radiation, 
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and cell temperature. There are multiple versions of the model, but they all 

require solving a set of non-linear equations [130–133]. Multiple commercial 

and free software programs with the simple efficiency (PVWatts [134], 

RETScreen [135]) and equivalent diode model (PVsyst [136], TRNSYS [137], 

SAM [138], HelioScope [139]) are available. 

In validation studies [121,122,140], Equation 3 was found to have annual 

errors of -9% to +16% and root mean squared (RMS) errors of 5% to 14%, 

however a later software update reduced the annual error to ±2% [141]. The 

same studies found the equivalent diode model to have an annual error of 

±8% and an RMS value of approximately 4%. Equation 1 is the least accurate 

both annually and hourly, with the greatest errors in climates that deviate 

furthest from STC [121]. 

A driving force in the selection of PV models is the time step dictated by the 

economic model. The majority of studies use total annual production, 

available from satellite models or statistics, since a single price is used for the 

whole year. Likewise, self-consumption is often not defined, eliminating the 

need for sub-annual simulations. Self-consumption is a critical factor in 

determining economic viability for prosumers [43] and it requires at a 

minimum hourly and preferentially sub-hourly time steps [142–145]. When 

hourly or sub-hourly simulations are made in this study, the equivalent diode 

model is used in SAM or TRNSYS given its higher hourly accuracy, 

accessibility, and rapid computation time. 

Losses from the balance of system components can be approximated with 

published regional norms [146–149], however bottom up modeling will be 

more accurate, particularly as technology improves. Wiring, mismatch, 

shading and soiling can be treated with simple efficiency losses, however 

inverters require more complex models. Inverter efficiency is a function of 

PV power and voltage, and several models are published [150–152] and 

validated with good accuracy [152]. Most software tools use some variant of 

the power/voltage model, including those used during this thesis. 

2.2.3 Building Loads 
There are two primary methods for determining electricity load curves for a 

building; modeling and measuring. Bottom-up building energy models, such 
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as EnergyPlus [153] or TRNSYS [137], are capable of highly detailed and 

comprehensive building physics, however the high skill level, time to build 

the model, time to run the simulation, and relatively high uncertainty [154], 

make it an overly resource-intensive tool for many investment studies. 

Bottom-up models based on detailed metering studies have also been created, 

but are limited to specific populations due to variations in cultural norms 

[155–158]. Top-down models use statistics or aggregated load information to 

construct a time-series profile. 

A combination of measured and modeled building loads are used in this 

thesis. Hourly meter data from 10 MFH is used to identify typical self-

consumption patterns in property loads. These houses all use district heating, 

so loads are limited to pumps, fans, stair lighting, and laundry rooms. The 

combination of PVT and GSHP requires detailed understanding of 

component integration, and therefore TRNSYS 17 is used to build a complete 

building and systems model. TRNSYS is frequently used for building energy 

systems modeling and is comprised of validated component models [137]. In 

both cases, apartment loads and hot water demand are modeled using the 

Markov Chain model by Widén et al. [155,156]. 

2.2.4 Key Performance Indicators 
Defining KPIs first requires defining the prosumer energy system. MFH are 

a unique class amongst prosumers; a collection of independent homes, 

grouped into buildings, using shared energy infrastructure. Figure 9 

demonstrates the flow of electricity in a MFH under two metering schemes. 

On the left, utility owned electricity meters are placed on every apartment 

such that each home has its own independent contract, while the cooperative 

has its own contract for property loads. From the PV analysis standpoint, 

apartment loads (Et,al) are outside of the system boundaries and the total load 

(Et) is only the property load (Et,pl). When PV generation (Epv) is less than or 

equal to property load, it is self-consumed (Esc,pl). If the PV generates more 

than the load, i.e. overproduction (Eop,t), it is sent into the local grid. On the 

right, the property (Et,pl) and apartment (Et,al) loads are pooled together under 

a single communal meter, which enables PV generation to also be self-

consumed in the apartments (Esc,al). For a given PV system size, this will 

increase the total load (Et) and thereby increase self-consumption (Esc,pl+Esc,al). 
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Grid-connected PV replaces a portion of a prosumer’s electricity supply with 

solar energy. The ratio of solar electricity to the total demand (Et) is solar 

fraction (SF), and generally speaking higher fractions are better. SF is a simple 

KPI, however it is used inconsistently; in the numerator, some consider total 

annual generation of the PV system (Epv) regardless of where it is used, while 

others only consider self-consumed generation (Esc,t). 

For this thesis, solar fraction is defined as the ratio of self-consumed 

generation (Esc,t) to total electricity demand (Et). At the meter boundary, 

overproduction (Eop,t) is unnecessary energy that would otherwise be wasted 

if there were no access to a marketplace. This is a significant limitation for 

solar thermal or off-grid PV systems and the grid should not be considered a 

free storage device. Once sold, that PV electricity belongs to the grid and its 

solar fraction. The ratio of total PV production (Epv) to total demand (Et) can 

still be a valuable indicator, and in this study is referred to as the solar ratio. 

Figure 9 – Independent (left) and communal (right) metering schemes 

PV modules have a relatively constant efficiency, whereas solar thermal and 

PVT collector efficiency is strongly influenced by system design and 

operation. In the PVT plus GSHP system studied here, shown in Figure 10, 

the thermal generation of the PVT acts as a secondary heat source for the 
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heat pump, and therefore the efficiency of the heat pump as a complete 

system is a more relevant KPI than a hypothetical solar fraction based on a 

system without PVT. Solar fraction and ratio are discussed for the PVT plus 

GSHP based only on PV generation in an independent metering scheme, as 

defined on page 27. Specific thermal production (kWhth/m2/yr) can also be a 

good indicator for PVT to benchmark performance relative to typical solar 

thermal systems, however this is only complementary to the heat pump’s 

efficiency. 

Figure 10 – PVT plus GSHP system diagram 

Heat pump efficiency refers to the ratio of thermal energy delivered over the 

electricity used to power the heat pump. The variety and complexity of heat 

pump designs means there are several methods for calculating efficiency that 

correspond to various research objectives [86,159]. At the prosumer 

investment level, it is most appropriate to consider the heat pump system as 

a complete machine for delivering space heat and DHW at the total cost of 

electricity. Therefore heat pump efficiency, i.e. seasonal performance factor 

(SPF), is defined as the ratio of total annual delivery of space heat (Qsh) and 

DHW (Qdhw) to the electricity used by all components in the system (labeled 

in Figure 10). This is formalized by Equation 4 and labeled SPF4+. In cases 

without PVT, the circulation pump load (Epmp,pvt) is zero. 
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𝑆𝑃𝐹4+ =
𝑄𝑠ℎ + 𝑄𝑑ℎ𝑤

𝐸ℎ𝑝 + 𝐸𝑝𝑚𝑝,𝑠𝑟𝑐 + 𝐸𝑝𝑚𝑝,𝑠𝑛𝑘 + 𝐸𝑏,𝑏𝑜𝑖𝑙 + 𝐸𝑏,𝑑ℎ𝑤 + 𝐸𝑝𝑚𝑝,𝑝𝑣𝑡
 Eq.4 

In the attempt to compare PV heat pumps with solar thermal systems, several 

researchers have used a definition of SPF which removes self-consumed PV 

from the denominator [92]. This definition can be useful for comparing solar 

technologies, but as a design tool it has limitations. PV generation is not 

restricted to only supplying the heat pump system, it can freely serve any load 

in the building, therefore a decision must be made on which devices get 

priority. In MFH, this can be made relatively simple if the metering structure 

separates property loads from apartment loads, but even that is an artificial 

boundary set for accounting purposes, not a physical phenomenon. 

Additionally, equally sized PV and PVT systems will have similar solar 

fractions, making a modified SPF less relevant, and therefore solar heat pump 

technical performance is only measured by the traditional definition of SPF 

as defined in Equation 4. 

2.3 Economic Analysis 
Engineering economic methods have been established for many years, 

including within renewable energy [160]. Market and tariff design varies 

significantly around the world and is an active research area as distributed 

generation systems continue to grow [161–163]. Techno-economic analysis is 

inherently local, therefore it is critical to use local prices and market models, 

but it is also critical to clearly define and motivate boundary conditions. 

Inconsistencies have been found in the literature which can significantly alter 

conclusions if taken out of context [164]. Therefore this subchapter motivates 

the economic indicators to be used and clarifies the prosumer context. 

2.3.1 Key Performance Indicators 
There is a considerable range of economic indicators that have varying 

relevance depending on the objective and audience [165,166]. A review of the 

PV literature finds that life cycle costing (LCC) is the standard approach, and 

the eight most common indicators are given in Table 1. The rate of 

occurrence is based on a review of 51 papers published between 2010 and 

2015 that include an investment-oriented economic analysis of PV, of which 
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65% are targeted towards prosumers. Discounted cash flow analysis, i.e. LCC, 

is also standard practice in modern corporate finance [167] and important for 

renewable energy projects due to the high initial investment and low operating 

costs relative to traditional energy equipment. The top five indicators in Table 

1 are presented in detail. 

Table 1 – Most common economic indicators in PV literature 

Indicator Occurrence (n=51) 

Net Present Value (NPV) 45% 

Internal Rate of Return (IRR) 41% 

Levelized Cost of Energy (LCOE) 39% 

Simple Payback Time (SPB) 22% 

Discounted Payback Time (DPB) 22% 

Benefit Cost Ratio (BCR) 8% 

Profitability Index (PI) 8% 

Total Life Cycle Cost (TLCC) 2% 

At its core, LCC analysis is the discounted cash flow of costs and benefits. 

Costs (C) are described in Equation 5 and are divided into one-time and 

reoccurring costs. The investment (I0) and associated 25% VAT (φvat) occur 

at year zero, followed by operations and maintenance (OMy) costs occurring 

each year (y) until the end of the system’s lifetime (L). Reoccurring costs are 

discounted with a real discount rate (d). 

𝐶 = 𝐼0(1 + 𝜑𝑣𝑎𝑡) + ∑
𝑂𝑀𝑦

(1 + 𝑑)𝑦

𝐿

𝑦=1

Eq.5 

Benefits (B) are described by Equation 6 and consist of a one-time capital 

subsidy (S0) and three annually reoccurring incomes; self-consumption (Esc,t) 

that defers purchases from the grid at the retail price (pr), sale of 

overproduction (Eop,t) at the wholesale price (pw), and the sum total of meter 

based subsidies at their respected volumes (Es) and prices (ps,). Like costs, 

benefits are discounted (d) to a present value over the system lifetime (L). 

𝐵 = 𝑆0 + ∑
(𝐸𝑠𝑐,𝑡𝑝𝑟)

𝑦
+ (𝐸𝑜𝑝,𝑡𝑝𝑤)

𝑦
+ ∑(𝐸𝑠𝑝𝑠)

𝑦

(1 + 𝑑)𝑦

𝐿

𝑦=1

Eq.6 
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NPV is the sum of discounted costs (Cy) and benefits (By) over the lifetime 

(L) of an investment, given in Equation 7, and reported in currency units. It 

states the expected amount of money to be saved or lost at a given discount 

rate. If the discount rate used is the acceptable minimum, then an NPV 

greater than zero suggests the investment is profitable and should be taken. 

IRR, also known as return on investment, is the discount rate of a given cash 

flow that results in an NPV of zero, shown by Equation 8. It can be used like 

NPV in that if the calculated IRR is greater than the acceptable minimum, 

then the investment should be taken. However, it is more valuable as a 

complement to NPV rather than an alternative. NPV is an absolute value 

reported in currency, whereas IRR describes the relative performance of an 

investment. During an optimization, the peak NPV and IRR may not occur 

at the same system design, making this combination a valuable tool for 

investment analysis. 

𝑁𝑃𝑉 = ∑[𝐶𝑦 + 𝐵𝑦]

𝐿

𝑦=0

 Eq.7 

𝐼𝑅𝑅 = 𝑑 𝑤ℎ𝑒𝑟𝑒 ∑[𝐶𝑦 + 𝐵𝑦]

𝐿

𝑦=0

= 0 Eq.8 

Payback time can be presented in two forms, simple and discounted. SPB, 

defined in Equation 9, is the time required to have the original investment 

principle returned. DPB has the same form as SPB, except the discount rate 

(d) is greater than zero, representing the time required to recoup the principle 

and make the desired return. Payback time is a risk indicator; it states how 

long an investment is exposed to uncertainty in the market which could 

deviate from the expected outcome. SPB is a popular indicator for prosumers 

to use in their economic assessment of PV [6,51], presumably due to its 

simplicity, however it is often used in an accept/reject manner similar to IRR; 

if the payback occurs within an acceptable period, then the investment should 

be made. The rapid rise of third-party ownership and financing for PV also 

demonstrates prosumer priority of payback time over maximizing returns. 
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𝑆𝑃𝐵 = 𝑌 𝑤ℎ𝑒𝑟𝑒 {
∑[𝐶𝑦 + 𝐵𝑦]

𝑌

𝑦=0

= 0

𝑑 = 0

Eq.9 

LCOE, shown in Equation 10, is a unit price for electricity given all of the 

discounted (d) costs (Cy) and generation (Epv,y) over a lifetime (L). It is often 

used as a benchmarking tool to compare energy sources with inconsistent 

cost structures or to identify a minimum price a developer needs to earn an 

acceptable return. For prosumers it is more complicated since only the self-

consumed fraction of PV generation can be compared to the retail grid price, 

whereas the rest should be compared to the sale price of overproduction. 

𝐿𝐶𝑂𝐸 =
∑ 𝐶𝑦 (1 + 𝑑)𝑦⁄𝐿

𝑦=0

∑ 𝐸𝑝𝑣,𝑦 (1 + 𝑑)𝑦⁄𝐿
𝑦=0

Eq.10 

The optimization performed for Study 3 aims to identify PV system sizes 

relative to multiple building loads and boundary levels that offer the best 

techno-economic outcome. This is described using NPV, IRR, and SPB since 

each indicator offers unique and valuable information, and including all of 

them is useful to fully describe an investment opportunity. The risk analysis 

is made using an accept/reject decision making perspective with NPV, where 

a single PV system is specified and the risk associated with that system is 

quantified. IRR and SPB distributions are used as supporting metrics. In the 

SHP analysis, a ranking is made for multiple, disparate energy systems 

supplying a single building with heat and electricity. Since the demand for 

energy is constant between cases, TLCC is used to compare the cost of 

supplying the energy demand from several system designs. The TLCC 

equation is defined in Subchapter 5.1 due to the specific details related to the 

PVT plus GSHP study. 

DPB is not presented since prosumers tend to gravitate towards SPB as their 

preferred payback KPI. LCOE is omitted due to the extra complication of 

incorporating self-consumption relative to the value it adds in the portfolio 

of indicators. BCR is a ratio of all discounted benefits over costs and provides 

redundant information to IRR. PI is the ratio of NPV to the original 
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investment size, which is a way of normalizing NPV into a relative term, 

similar to IRR. The combination of NPV and IRR can perform the same task; 

they are more commonly described in society such that there is a greater 

chance for prosumer comprehension. 

2.3.2 Uncertainty and Risk 
With non-linear modeling tools outside the scope of this thesis, there are three 

main options for risk analysis found in the literature; risk adjusted 

discounting, real options analysis, and Monte Carlo analysis. Models for risk-

adjusted discounting takes into account uncertainty, but the result is simply a 

higher discount rate, which is both a controversial approach and provides no 

new information to the prosumer. ROA transforms an accept/reject decision 

into an accept/reject/wait decision by identifying a point in time when the 

investment should be made. This can be a valuable data point, but it is still 

exposed to the risk of policy change. For example, if an ROA concludes that 

an investment should be made two years into the future based on market 

forces, it is very possible that policy will adjust to the new market and 

subsidies decrease. As a tool for explaining prosumer behavior, this can be 

valuable, but as a communications tool it runs the risk of encouraging delay, 

which is contradictory to energy and environmental goals. 

An MCA uses existing KPI from a traditional deterministic approach, but 

presents the results probabilistically rather than deterministically. Figure 11 

exemplifies the process, where stochastic inputs are used in deterministic 

calculations many times over to create a probability distribution for each KPI. 

This is valuable because it quantifies uncertainties into risks, or in other words 

turning what could happen into what is likely to happen. The general public is 

believed to have a weak grasp of probabilities and is a potential limitation of 

this approach, however this is an issue of communication [168,169], not the 

value of the data. The method is also relatively easy to adopt with acceptable 

demands for computation resources. 

Creating an MCA requires four steps; first, identify the appropriate indicators, 

which is performed in the previous subchapter; second, a sensitivity analysis 

is performed to identify the most critical variables; third, create probability 

distributions and stochastic models for each critical parameter; and finally 

present the results. A new indicator is presented called the probability of 
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profitability (PoP), which is simply the probability that NPV is greater than 

zero at a nominal discount rate. To demonstrate the impact subsidies have on 

uncertainty and risk, several policy scenarios are presented along with the 

impact of each existing PV subsidy on PoP. 

Figure 11 – Diagram of the MCA process 

MCA is only used for PV investment analysis and not for the SHP study. An 

MCA requires thousands of simulations, and the computational resources 

required for TRNSYS make it impractical to run more than several dozen 

simulations for the system in this study. 

2.3.3 Electricity Pricing 
Prices are a key signal between buyers and sellers, and historically consumers 

have been insulated from the dynamics of wholesale electricity markets. With 

the increased penetration of smart meters, time-of-use pricing is increasingly 

discussed as a way to influence energy usage or integrate renewables [170–

172]. Many prosumers in Sweden are already exposed to the spot market, so 

it begs the question; how to model hourly prices far into the future? And how 

critical is it to have hourly pricing?  

In Paper 1, a novel price model is developed based on the method for TMY 

weather files called the typical price year (TPY). Annual revenues and NPV 

are calculated using historical Nord Pool spot market data for Sweden, which 
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are compared to revenues and NPV found using TPY and 18 simplified 

pricing models, such as a single price per month or the whole year based on 

several statistical simplification methods (e.g. arithmetic mean, geometric 

mean, median). To test a variety of cases, two PV system sizes are simulated 

using the single diode model in SAM with measured data from three MFH. 

The results find that while TPY is a sufficient tool for generating long-term 

hourly prices, it is possible to use simplified models with acceptable 

uncertainty. The best simplified model uses prices only during hours of PV 

generation, however using an annual arithmetic mean for all prices, the 

method used by most studies, introduces less than ±5% error in NPV and 

requires lower effort to create. Price variability between years has a much 

greater impact than the errors caused in any given year, therefore it is the long-

term pattern of prices which is of more importance, not hourly prices. 

The ability to use a single annual price greatly simplifies techno-economic 

analyses, however the challenge of setting annual prices for several decades 

remains. The majority of studies use a statistical approach to extrapolate long 

term trends, i.e. a fixed annual growth rate. The historical Nord Pool spot 

prices in Figure 3 demonstrate how that model can make a poor fit if the 

wrong years are selected (e.g. between 2000 and 2011). Complex modeling 

tools capable of simulating whole power systems, e.g. TIMES [173], LEAP 

[174], and OSeMOSYS [175], can be used to generate levelized cost of energy, 

which becomes a proxy for average wholesale price. 

Only one publically available study modeling price development in Sweden 

could be found [176], and is the basis for long-term price development in this 

study. There are four scenarios, described in Table 2 and shown in Figure 12, 

each with a probability of occurring based on expert input collected using the 

Delphi method (documented in Paper g). When MCA is used, the price paths 

are selected at random based on their probabilities and applied to the 

stochastic price model. When MCA is not used, Scenario B is used as the 

wholesale price given it is the most expected path. Again, due to the additional 

complexity in the PVT heat pump analysis, a single growth rate for prices is 

used, however a sensitivity analysis is also included. 
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Table 2 – Policy scenarios used to create electricity price development 

Scenario Policy Driver Probability 

A Business as Usual, all current policies/ambitions 15% 

B Single focus on the build out of renewable energy 40% 

C Single focus on the reduction of CO2 emissions 10% 

D Triple focus of RE, CO2, and energy efficiency 35% 

Figure 12 – Long-term electricity price scenarios [176] 

In deterministic and MCA analyses, the retail price (pr) is constructed using 

the price of each component as calculated for a given year, considering; 

wholesale spot price (pw), network price (pn), subsidy support (ps), retailer 

markup (pm), electricity tax (pt), and a 25% VAT (φvat) which are combined 

in Equation 11 and displayed graphically in the left column of Figure 13. 

𝑝𝑟 = (𝑝𝑤 + 𝑝𝑛 + 𝑝𝑠 + 𝑝𝑚 + 𝑝𝑡) ∗ (1 + 𝜑𝑣𝑎𝑡) Eq.11 

Self-consumed PV defers the purchase of retail electricity, however there are 

fixed fees in all contracts which remain regardless of the amount of electricity 

used. Therefore PV can only defer a portion of the full retail price, 

represented by the center column in Figure 13. The numerous contract 

structures and consumption volumes make it difficult to define a single fixed 

portion price. Since 10-15% of an electricity supplier’s cost is non-electricity 

related [19], it is assumed that 15% of the electricity and network prices are 

fixed, equal to 0.12 SEK/kWh, and is deducted to create the deferrable 

portion of the price applicable to PV self-consumption. 
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When overproduction is sold to the grid, at a minimum it is valued at the 

wholesale price (pw) plus a 0.05 SEK/kWh for grid compensation, shown in 

the right column of Figure 13 with opaque colors. Additional revenues on 

overproduction can be had from green certificates or the micro-producer 

feed-in bonus, valued at 0.10 and 0.60 SEK/kWh, respectively. These are 

shown with transparent colors in Figure 13, and are treated in the specific 

policy scenarios. Specific contracts between prosumers and utilities for selling 

overproduction do vary from this price model [5], however the spot price is 

the most relevant market value indicator for a broad audience. 

 

Figure 13 – Electricity price structures for PV investment 

Table 3 lists the starting retail and subsidy prices, their growth over time, and 

the relevant reference. The separation of wholesale and green support pricing 

in scenarios B and D allows for the possible erosion of market prices due to 

near-zero marginal cost renewables while still accounting for that cost in the 

retail price. Network prices have increased on average 1.5% since 1996, which 

is assumed to continue. Electricity taxes have grown 3%/year, however the 

political nature of taxes makes them nearly impossible to forecast and a 

conservative 1%/year is assumed. Retailer profits, VAT, and green certificate 

prices remain constant. 
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Table 3 – Electricity price model assumptions 

Input Start Value Growth Rate Reference 

Wholesale 0.455 Price Path [22,176] 

Green Support 0.036 Price Path [11,176] 

Network 0.337 1.5%/year [4,177] 

Retailer Profit 0.050 0%/year [19,178] 

Electricity Tax 0.331 1%/year [11] 

VAT 25% 0%/year - 

Green Certificates 0.100 0%/year [30] 

2.4 Boundary Conditions 
There are a number of inputs that remain constant throughout the studies, 

particularly concerning the technical and economic assumptions of the PV 

systems. Table 4 lists the boundary conditions and their references, which are 

used in the system sizing and as median values in the MCA. The SHP study 

uses a slightly different techno-economic model, however the costs and 

trends used here are adapted accordingly and presented in Chapter 5. 

Table 4 – Core boundary conditions for PV investment 

Input Value Units Reference 

First Year Generation 900 kWh/kWp [38,179] 

Annual Degradation 0.3 %/year [180] 

PV System Price (ex. VAT) 13.6 SEK/Wp [5] 

Fixed O&M Cost 50 SEK/kWp - 

O&M Escalation Rate 1 %/year - 

Inverter Lifetime 15 Years - 

Inverter Replacement Cost 2 SEK/Wp [5] 

System Lifetime 30 Years [181,182] 

Salvage Value 0 SEK/Wp - 

Real Discount Rate 3 % [5] 

Stockholm climate data and hourly time steps are used in modeling PV 

generation and self-consumption, however the generation is scaled to 900 

kWh/kWp. Early monitoring programs found most PV systems in Sweden 

produce between 850-1000 kWh/kWp with the median at 880 kWh/kWp 

[179]. A more recent study found the average for all of Sweden to be 798 and 

890 kWh/kWp for 2017 and 2018, respectively [183]. To account for diverse 
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orientations and localized losses (e.g. shading, soiling, etc.), 900 kWh/kWp is 

used here and is consistent with other researchers [38]. 

At the prosumer scale, installation cost varies considerably with size due to 

fixed costs. Therefore, for the sizing study a price curve is used, shown in 

Figure 14 and represented by Equation 12, where ppv is specific price and Xpv 

is PV system size. It also includes average prices for a range of PV system 

sizes, including SFH and two categories of MFH, residential (MFH-R) and 

commercial (MFH-C) [5]. 

𝑝𝑝𝑣 = 7.6 + 13.5(𝑋𝑝𝑣
−0.14) Eq.12 

It is unclear from [5] the difference between residential and commercial MFH, 

but since both should be considered in this work, the price curve is shaped to 

split the difference between them. A compromise is also made between MFH 

of 20-50 kWp and SFH systems of 10-20 kWp, which are reversed from the 

expected trend from economies of scale. This may be due to SFH being more 

suitable for standardized PV packages, whereas MFH may require a more 

custom installation. At all sizes, there is a wide range of possible prices such 

that it is impossible to define a single curve, however the curve used here is 

always within the reported ranges [5] and therefore a reasonable 

approximation for the sizing study. For the MCA, the nominal price of 13.6 

SEK/Wp is used, and shown in Table 4, which is an average of the curve’s 

prices between 20 and 50 kWp. 

 

Figure 14 – PV system price versus size [5] 
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Most studies use a relative cost for operations and maintenance (O&M) of 

0.5-1% of the total investment. Here this is broken into two components: a 

fixed price which considers insurance and regular maintenance, and the cost 

of replacing the inverter. The likelihood of component failure will increase 

over time, therefore the fixed O&M costs increase at 1% per year, and the 

inverter is replaced in year 15. A conservative inverter replacement price of 2 

SEK/Wp is used, which is the approximate mean price in 2018 [184]. 

The lifetime of a PV system is often associated with the lifetime of the 

modules. Long-term testing of modules manufactured in the 1980’s using 

relatively immature technology found that lifetimes can be much longer than 

the expected 20 years [181,182]. Today, manufacturers typically offer a 10-15 

year defect warranty and 25-30 year production warranty. The temperate 

climate in Sweden reduces thermal stress, meaning quality modules can be 

reliably expected to last 30 years. Over that time, power degradation is 

assumed to be 0.3%/year, which is relatively low compared to systems around 

the world, but is again attributed to the cold climate [180]. 

Given a wide range of risk tolerance and what discounting represents to 

prosumers, selecting a discount rate is a non-trivial process and has a 

considerable impact on the results [185–189]. The cost of debt can be used 

as a simplified proxy, and a survey of Swedish banks’ long-term (10 year) 

mortgages finds rates between 2.5-5% [190]. A conservative 5% nominal rate 

is assumed here, translating to a 3% real discount rate considering a 2% long-

term inflation rate [191]. 

Economic conditions change, especially in the energy industry and even more 

so with solar PV. This thesis presents the opportunity to update the relevant 

boundary conditions in previous publications from 2015 to 2018 data, which 

is most relevant to Paper 3 / Chapter 4. The method used to derive the inputs 

is consistent, and the updated values are given in Table 5 with their originals. 

The change in wholesale electricity price, which drives most of the change in 

retail price, is largely due to several dry years leading into 2018, reducing 

hydropower production. It is worth noting that this price increase is 

consistent with price paths A, B and C in Figure 12, where the mean price in 

2020 is 0.40 SEK/kWh. Therefore, the original study published in Paper 3 
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has a similar increase in price between 2015 and 2018. Additionally, the price 

in Table 5 is only the starting price at year one, which then follows the price 

paths thereafter. Green Certificate prices have declined steadily since 2010 

and continued to do so between 2015 and 2018. The elimination of VAT on 

overproduction is due to the policy change described in Subchapter 1.1.5.  

Table 5 – Updated boundary conditions from original publications 

Input 2015 2018 Units 

PV System Price (ex. VAT) 13.0 13.6 SEK/Wp 

Wholesale Electricity Price 0.219 0.455 SEK/kWh 

Retail Electricity Price 1.210 1.511 SEK/kWh 

Green Certificate Price 0.166 0.100 SEK/kWh 

VAT on Electricity Sales 20% 0% - 

Perhaps most notable is the increase of PV system price, which counters the 

overall trends in markets worldwide. This is due to revision of price statistics 

in the national IEA PVPS report for Sweden [5]. In the edition published 

August 2019, MFH are specifically identified using statistics from the capital 

subsidy registration database. In previous editions, prices were reported by 

approximate size and installation type, such as in Figure 6, and it was assumed 

that MFH would be closer to a small commercial installation rather than a 

villa. The average installed prices shown in Figure 15 shows MFH are actually 

paying prices more similar to a villa, contradicting the previous assumption. 

 

Figure 15 – PV system prices for MFH (excl. VAT) [5] 
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3 System Sizing 

Buildings are diverse, making it difficult to derive a general PV sizing rule. 

Unique load profiles and production potential of each building influence self-

consumption and by extension economic performance. Answering the 

prosumer question what size should my PV system be, this chapter describes the 

relationship between load profiles and PV for district heated MFH. Measured 

data from 10 buildings are presented, with modeled apartment loads added to 

describe the impacts of metering boundaries on economic outcomes. 

3.1 Building Descriptions 
The 10 example buildings are taken from two large housing cooperatives in 

western Sweden constructed during the Million Homes Program 

(Miljonprogrammet). They have differing architecture, but are both similarly 

shaped in that they are three or four stories with long, narrow footprints. The 

size and/or metering structure is quite different between buildings, indicated 

by the wide range of annual loads given in Table 6. These are property loads 

only, which are primarily composed of exhaust fans in the ventilation system, 

pumps for hot water circulation (heating and hot water), lighting in stairwells 

and exteriors, and laundry rooms. Laundry rooms are only present in a select 

number of buildings, which are identified in Table 6. The buildings are used 

only for their loads in this example; the orientations and roof construction are 

not considered in the PV analysis in that these do not make up case studies. 

Table 6 – Property load characteristics for 10 MFH 

Building Annual Load (MWh) Laundry Room Max PV Size (kWp) 

1 13.2 No 14.6 

2 26.7 No 29.7 

3 29.2 No 32.5 

4 28.0 No 31.1 

5 47.3 Yes 52.6 

6 31.6 Yes 35.1 

7 27.5 Yes 30.5 

8 25.6 Yes 28.5 

9 34.1 Yes 37.9 

10 31.7 Yes 35.2 
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3.2 Demand Profiles 
Laundry rooms are often the largest single source of electric property load in 

district heated MFH, and all other factors being equal, a primary differentiator 

when identifying suitable buildings for PV. Figure 16 shows the average 

hourly loads under each season for example buildings with and without 

laundry. The building with laundry has a higher daytime load, matching PV 

production and increasing self-consumption. The diminishing benefits of 

larger systems can also be seen, as marginal generation increasingly becomes 

over overproduction, particularly during the most productive months. 

Figure 16 – Average hourly building demand curves and PV production 

The measured, hourly property load data from the 10 MFH are combined 

with hourly PV simulations in SAM to generate the technical indicators 

shown in Figure 17. The buildings are labeled according to the index from 

Table 6, with the buildings without laundry rooms in blue, while those in red 

have laundry. Buildings 4 and 7 are shown with dashed lines to highlight their 

use as examples in subsequent subchapters. In the left column, results are 

shown using the absolute PV system size in kWp, and in the right column 

results are normalized to the annual building load using solar ratio. PV 
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generation is scaled such that all systems produce 900 kWh/kWp, and are 

sized from 0-100% solar ratio in 2% increments. A 100% solar ratio, also 

known as a net-zero energy building, is the maximum size typically permitted 

by utilities, and PV maximums for each building are listed in Table 6. 

  

  
1 2 3 4 5 6 7 8 9 10 

Without Laundry Rooms With Laundry Rooms 

Figure 17 – Technical PV sizing indicators on 10 property loads 
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These results highlight the criticality of considering hourly load profiles in PV 

sizing. Self-consumption can vary by up to 20 percentage points for a given 

solar ratio, thus influencing profitability. Solar-fraction increases nearly 1:1 

with solar ratio until about 10%, at which point most of the buildings begin 

to see diminishing returns. At the 100% solar ratio limit, most of the buildings 

have a solar fraction between 30-40%.  

3.3 Size Optimization 
Techno-economic optimization generally seeks to create the most value from 

a given investment opportunity. For a given rooftop, the answer is influenced 

by three main factors; 

 The indicator(s) to be optimized for, 

 specific system price (price curve in Figure 14), and 

 self-consumption rate (given overproduction has a lower price). 

This subchapter presents optimization results at two levels; a detailed example 

from a single building to highlight the importance of each KPI, and selected 

results from all 10 buildings to derive patterns for MFH as a prosumer class. 

Building 7, shown in Figure 17 as a dashed red curve, is used for the detailed 

example. This building has the highest self-consumption relative to solar ratio, 

therefore it has the best economic outcomes as well. The results are separated 

by four policy cases; 

 No subsidies (None), 

 A capital subsidy of 20% (Capital), 

 Green certificates and feed-in bonuses applied to overproduction for 

15 and 5 years, respectively (Meter), and 

 All subsidies combined (All). 

The NPV and IRR results presented in Figure 18 are all generated from the 

same simulations and presented with different technical indicators as 

dependent variables. The graphs do not align vertically, meaning that single 

vertical line running through all graphs does not represent the same system. 
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Figure 18 – Economic PV sizing indicators for Building 7 
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A notable characteristic shown in Figure 18 is that the NPV and IRR do not 

have maximums at the same sizing point. As a relative term, IRR is directly 

proportional to the self-consumption; as more overproduction is sold at a rate 

lower than LCOE, the return on investment is reduced. However, NPV can 

increase with decreasing self-consumption so long as the revenue from the 

marginal self-consumption is greater than the losses from the marginal 

overproduction. This leads to an economic value judgement from the 

prosumer: prioritize investment return (IRR) or total monetary value (NPV). 

This can also be influenced by the available capital, as a larger system leading 

to a higher NPV will also require a larger investment. 

Table 7 and Table 8 list the system sizes and techno-economic indicators for 

the systems at maximum NPV and IRR, respectively, considering each 

subsidy case. The differences between sizes in the None and Meter cases are 

relatively small compared to the Capital and All cases. The capital subsidy 

impacts all system sizes at the same rate, whereas the meter subsidy has a 

greater effect as self-consumption decreases, as shown in Figure 18. At the 

optimal points, self-consumption is still relatively high, diminishing the 

impact of meter subsidy between IRR and NPV. The tables also report simple 

payback time (SPB), which has the same optimization pattern as IRR, 

meaning the SPB shown in Table 8 is the minimum. 

Table 7 – Techno-economic results for Building 7 at maximum NPV 

Subsidy 

Case 

Size 

(kWp) 

Solar 

Ratio 

Self-

Consume 

Solar 

Fraction 

NPV 

(kSEK) IRR 

SPB 

(Yrs) 

None 7.3 24% 89.5% 21.5% 5.8 3.5% 19.6 

Capital 11.0 36% 78.2% 28.2% 42.3 5.0% 16.9 

Meter 9.2 30% 84.0% 25.2% 9.6 3.6% 19.3 

All 15.3 50% 66.1% 33.1% 53.6 5.0% 16.7 

Table 8 – Techno-economic results for Building 7 at maximum IRR 

Subsidy 

Case 

Size 

(kWp) 

Solar 

Ratio 

Self-

Consume 

Solar 

Fraction 

NPV 

(kSEK) IRR 

SPB 

(Yrs) 

None 6.7 22% 91.1% 20.1% 5.5 3.5% 19.6 

Capital 6.7 22% 91.1% 20.1% 33.3 5.3% 16.3 

Meter 7.9 26% 87.7% 22.8% 9.2 3.6% 19.3 

All 7.9 26% 87.7% 22.8% 41.2 5.5% 16.0 
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Another aspect the prosumer must consider is solar ratio/fraction. Some may 

be interested only in maximized economic return, however NPV and IRR can 

also be used as accept/reject decision making tools. Therefore, the prosumer 

may also select the largest possible system size that meets the minimum 

economic requirements, i.e. NPV>0. Table 9 lists the largest profitable 

systems under each policy case. When compared to the optimums in Table 7, 

solar ratios increase by 40-127%, which in the All subsidy case leads to the 

maximum possible system size of 30.5 kWp. 

Table 9 – Maximum profitable PV sizes for Building 7 

Subsidy 

Case 

Size 

(kWp) 

Solar 

Ratio 

Self-

Consume 

Solar 

Fraction 

NPV 

(kSEK) IRR 

SPB 

(Yrs) 

None 10.4 34% 80.2% 27.3% 1.8 3.1% 20.1 

Capital 25.0 82% 48.3% 39.6% 0.8 3.0% 20.3 

Meter 14.1 46% 69.3% 31.9% 1.0 3.1% 20.1 

All 30.5 100% 41.9% 41.9% 35.8 3.8% 18.5 

Taking a broader overview of all 10 buildings finds some discernable patterns 

that can help guide PV sizing. Figure 19 lists the solar ratio (SR), self-

consumption (SC), solar fraction (SF), simple payback time (SPB), and 

internal rate of return (IRR) of all the buildings at the maximum IRR and 

NPV considering no subsidies (Row 1), all subsidies (Row 2), and all subsidies 

at the maximum profitable size (Row 3). 

When there are no subsidies present, several of the buildings did not have 

profitable systems, therefore their results are removed from the first row 

figures. Of the profitable systems, solar ratio ranges between 14% and 22%, 

with the economic results converging on an average SPB of 19.8 years and 

IRR of 3.4%. When the subsidies are added, system sizes at maximum IRR 

increase by 8% on average. They also make all of the systems profitable, lifting 

IRR to an average 5% and reducing SPB to 16.7 years. 

At maximum NPV, the differences between buildings with and without 

laundry become more defined. System sizes for laundry buildings are doubled 

over the maximum IRR sizes on average, while those without laundry only 

increase by 40%. SPB increases to an average 17.3 years while IRR falls to 

4.7%, relatively small differences compared to the increase in system size. 
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When considering the maximum profitable sizes, all of the laundry equipped 

buildings reached the maximum 100% solar ratio. At this level, self-

consumption falls to under 40% which increases the risk exposure to meter 

subsidy removal. As demonstrated in Figure 18 for Building 7, PV systems 

become unprofitable at low self-consumption levels when meter subsidies are 

removed. None of the buildings without laundry reached 100% solar ratio, 

and notably Building 4 still has a relatively small system for an MFH (5 kWp). 

This analysis highlights that there is no objective, techno-economically 

optimal PV system size; depending on the prosumer’s motives there are a 

wide range of potential profitable sizes. If PV is viewed purely as an 

investment opportunity, then priority should be placed on maximizing IRR 

since it is a measure investment efficiency. However, prosumers should also 

consider that they can profitably deploy larger PV systems so long as a less-

than-optimal return on investment is acceptable. As Figure 18 and Figure 19 

demonstrate, IRR and SPB are only marginally impacted when maximum 

NPV is sought over IRR, and in some cases it is possible to profitably 

maximize solar ratio, making the buildings net-zero energy. 

Considering policy, if the purpose of subsidies is to increase the amount of 

PV in the energy system, then the capital subsidy is more effective than meter 

subsidies in prosumer systems. However it requires prosumers to emphasize 

NPV or solar ratio/fraction in their decision since the capital subsidy does 

not increase system size at the maximum IRR. The existing meter subsidies 

can also encourage systems to be too large from a larger electricity market 

perspective. Subsidizing overproduction insulates prosumers from market 

price signals and reduces the incentives for storage or design strategies that 

encourage PV integration into building energy systems or the larger electricity 

system. 

As a rule of thumb for early stage planning where only annual load and PV 

generation is known, the results from this analysis suggest solar ratios between 

20-40% can usually be expected to have a positive economic outcome under

the current subsidy schemes. If priority is placed on maximizing solar

ratio/fraction, then larger systems can be profitably sought, however this

should only be planned after a more thorough risk analysis due to the low

self-consumption.
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At Maximum IRR with No Subsidies 

  
At Maximum IRR with All Subsidies 

  
At Maximum NPV with All Subsidies 

  
At Maximum Profitable Size with All Subsidies 

  
1 2 3 4 5 6 7 8 9 10 

Without Laundry Rooms With Laundry Rooms 

Figure 19 – Techno-economic indicators for all 10 buildings 
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3.4 Communal Metering 
Building 4 is highlighted in Figure 17 and Figure 19 for its particularly poor 

load matching with PV due to a dominance of lighting in the load profile. In 

this subchapter, the apartment loads are added to the property load of 

Building 4 to demonstrate the impact the communal metering structure has 

on system sizing, self-consumption, and economic outcomes. 

A sample of hourly demand curves for property and apartment loads taken 

from Week 23 are shown in Figure 20. They are compared to the production 

of a 31.1 kWp PV system, the maximum size for Building 4 considering a 

100% solar ratio on the property loads. Thirty separate apartment loads are 

modeled and combined, and the property loads are the same measured data 

used in the previous subchapters. It can be seen that apartments demand 

several times more electricity, particularly in summertime when lighting needs 

are low. Demand still peaks in the evening after the PV production peak, 

however the daytime loads are so much greater that self-consumption can still 

be meaningfully increased. 

Figure 20 – Hourly property and apartment loads with PV production 

Annual demand for the property and apartment loads are 28.0 and 102.1 

MWh, respectively, leading to a total 131 MWh/year for the entire building. 

With communal metering, it would be possible to install a 144.6 kWp PV 

system to reach a 100% solar ratio. It is unlikely that a single MFH roof would 
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the same analysis as Subchapter 3.3 on Building 7 for consistency, even if 

some of the sizing is only theoretical. Figure 21 reports the same sizing 

analysis for Building 4 first shown in Figure 18, with only PV size and solar 

ratio shown here. There is also a dashed vertical line in blue that marks the 

31.1 kWp maximum system size under an independent metering scheme, 

equivalent to a 21.5% solar ratio under the communal metering scheme. 

The curves are shaped similarly to Building 7 with separate maximums for 

NPV and IRR. Under the All subsidy case, the maximum NPV occurs at a 

46% solar ratio or 66.5 kWp. The maximum IRR occurs at 16% solar ratio or 

23.1 kWp, which is within the maximum size with independent metering. As 

with the laundry equipped buildings, it is possible to profitably install a PV 

system reaching the 100% solar ratio maximum, however the available roof 

area will likely be a limitation. 

 

 

Figure 21 – Economic PV sizing indicators for Building 4 

0

3

6

9

12

15

-600

-400

-200

0

200

400

0 30 60 90 120 150

IR
R

 (%
)

N
P

V
 (

kS
EK

)

PV System Size (kWp)

0

3

6

9

12

15

-600

-400

-200

0

200

400

0% 20% 40% 60% 80% 100%

IR
R

 (%
)

N
P

V
 (

kS
EK

)

Solar Ratio

None-NPV Capital-NPV Meter-NPV All-NPV

None-IRR Capital-IRR Meter-IRR All-IRR



Solar PV in prosumer energy systems 

54 

The techno-economic results for Building 4 at maximum IRR, listed in Table 

10, demonstrate the significant improvement communal metering can make. 

The larger load makes it possible to have high self-consumption with larger 

PV systems that benefit from a lower specific price. This leads to higher NPV 

and IRR with lower payback times, even without subsidies. The unsubsidized 

IRR and SPB for Building 4 are comparable to the fully subsidized results for 

Building 7, except that the NPV is much greater due to the PV system being 

150% larger in Building 4. The capital subsidy also makes it possible to reduce 

the SPB down to 12.1 years, over 4 years shorter than the best outcome found 

with independent metering. 

Table 10 – Techno-economic results for Building 4 at maximum IRR 

Subsidy 

Case 

Size 

(kWp) 

Solar 

Ratio 

Self-

Consume 

Solar 

Fraction 

NPV 

(kSEK) IRR 

SPB 

(Yrs) 

None 20.2 14% 98.2% 13.8% 103.3 5.2% 16.5 

Capital 20.2 14% 98.2% 13.8% 175.7 7.2% 12.1 

Meter 23.1 16% 95.6% 15.3% 117.1 5.2% 16.4 

All 23.1 16% 95.6% 15.3% 198.6 7.3% 12.1 

Comparing metering schemes, if a 23 kWp system were installed in Building 

4 with the independent metering scheme, the solar ratio becomes 74%, self-

consumption 17.8%, and the solar fraction 13.2%. So while solar ratio falls 

considerably moving to a communal scheme, the solar fraction actually 

increases due to the much higher self-consumption. The economic outcomes 

are shown in Table 11, which clearly show the considerable economic benefit 

of communal metering with NPV increasing 263-313 kSEK depending on 

subsidy level. Even with the optimal system size under independent metering, 

which occurs with a 3.7 kWp system, NPV is only 1.1 kSEK. 

Table 11 – Economic results for Building 4 with independent metering 

Subsidy Case Size (kWp) NPV (kSEK) IRR SPB (Yrs) 

None 23.1 -210.1 -1.58% 39.2 

Capital 23.1 -129.0 -0.26% 33.9 

Meter 23.1 -145.7 -0.34% 33.5 

All 23.1 -64.6 1.35% 24.9 
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Despite the clear techno-economic benefits, switching from independent to 

communal metering is still a barrier for many MFH. It requires organization, 

investigation, and a presentation to the community who vote on the idea. 

There is also an investment cost since home-level metering is required by EU 

directive, leaving the community to own and manage their own apartment 

meters. Meters cost up to 2500 SEK per apartment, or 80 kSEK total in the 

Building 4 example, approximately the same value as the capital subsidy for 

the 23 kWp system. With this cost included, the All case results would be 

replaced with the Meter case, which place the IRR and SPB in the same range 

as the other buildings reported in Figure 19. 

Other uncertainties arise with self-managed meters considering operational 

cost, in money and/or time, to monitor and bill each apartment appropriately, 

which are also missing from these results. At the same time, a single large 

subscription will have a lower fixed grid fee than all of the apartments 

independently, and has traditionally been the motive for MFH to have a 

communal metering scheme. Solar PV self-consumption is a second. 

Virtual communal metering, where the existing utility meters are used to 

digitally calculate self-consumption, is an alternative to replacing actual 

meters, would be easier to adopt, and could lower the barrier to PV adoption 

in MFH. Physically the electrons are most likely being delivered from the PV 

systems to the apartments already, but since they must pass out through the 

property meter and back in through the apartment meters, the value of self-

consumption is lost. Virtual communal metering is not currently possible in 

Sweden since the distribution grid cannot be used as part of micro-grid. 

Alternatively, there could be a market based opportunity for PV installers 

and/or building energy management firms to help MFH capture part of the 

communal metering value by providing turnkey solutions. In the Building 4 

example, the present economic value of communal metering (with subsidies) 

is 263 kSEK. Removing the 80 kSEK for meter installation, there is still 183 

kSEK in value that could be shared between the building owners and 

metering company. The technology for metering, data visualization, and 

automated billing is already well established, the next step is to integrate into 

existing accounting systems and/or business model innovations to unlock 

this value for prosumers. 
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While highly economically beneficial for MFH, the value they gain from 

communal metering is taken from the government in avoided electricity and 

VAT taxes, as well as the electricity retailer and local grid operator in lost 

sales. Even if both capital and metering subsidies were removed for MFH 

that use communal metering, there would still be a net cost to the 

government. However, it would also lower barriers to PV adoption by 

simplifying the process of achieving a better economic outcome. It would also 

make more buildings viable for PV since independently metered buildings are 

likely to need both a suitable roof for PV and a laundry room to have a 

positive techno-economic outcome. While this policy change is clearly 

beneficial for prosumers, a more comprehensive analysis is need to identify 

winners, losers, and overall impact on the electricity market considering 

energy and climate goals. 
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4 Risk Analysis 

After performing a PV sizing analysis, identifying personal preferences, and 

selecting a system, the question remains - what is the chance my system becomes 

unprofitable? Monte Carlo analysis can provide an answer, quantifying 

uncertainty into outcome probabilities. The analysis is done with normalized 

input units, so it’s applicable to any sized system with a similar specific 

production, price, and self-consumption. As stated in Subchapter 2.3.2, there 

are four steps to an MCA and this chapter presents the final three; a sensitivity 

analysis, descriptions of the probabilistic input models, and the results. 

One of the more salient sources of uncertainty is policy, both in its 

development and how prosumers capture their value. Rather than place 

probabilities on possible developments, three policy scenarios are used and 

described in Table 12. There are the unsubsidized, prevailing, and best case 

scenarios, which include combinations of the three primary subsidies available 

to prosumers; capital subsidy, green certificates, and the feed-in bonus. 

Table 12 – Policy scenario descriptions 

Scenario Capital Rebate Green Certs. Feed-in Bonus 

Unsubsidized None None None 

Prevailing 15% Overproduction 5 Years 

Best Case 20% All Production 15 Years 

In 2019 the capital subsidy is 20% of the total investment, however this is 

only a maximum. The awarded investment is subject to the allocated budget, 

which is set each year along with the maximum rebate. Therefore 20% is used 

in the Best Case and a more conservative 15% used in the Prevailing scenario. 

Green certificates are commonly earned on overproduction, but can also be 

earned on all production if a separate meter is purchased. For MFH sized 

systems, this can often be beneficial but it requires an extra step that is not 

always taken. Therefore the application of green certificates is different in the 

Prevailing and Best cases. Finally the feed-in bonus has been in place since 

2015, but there is no specified timeline and could be removed in any new 

government negotiation. The cost of this program is much less than the 

capital subsidy and therefore not a prominent political target, but varying 

lengths of the program are assumed for each case. 
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4.1 Sensitivity Analysis 
To save modeling and computational resources, it is only necessary to convert 

the most sensitive inputs into probabilities in an MCA. NPV is used in this 

sensitivity analysis since all potential inputs influence it, most notably discount 

rate which does not influence IRR or SPB.  

The variables, their default values, and the ranges tested are listed in Table 13. 

Each variable’s range is determined independently, as opposed to a fixed 

percentage of change. This approach allows the testing of two effects; 

sensitivity as measured by the slope, and potential impact due to the range of 

uncertainty. The ranges are based on plausible values from previously 

published studies or market data. To isolate discounting from changes in 

prices over time, spot and green certificate prices are kept fixed. The base 

spot price is the average value from Scenario B in Figure 12 and the green 

certificate price is a time-weighted historical average. 

Table 13 – Variables and ranges tested for sensitivity 

Variable Units Minimum Base Case Maximum 

System Price (ex.VAT) SEK/Wp 11.5 13.6 17.0 

Fixed O&M SEK/kWp 10 50 100 

Discount Rate % 1 3 5 

Lifetime Years 20 30 40 

Degradation %/year 0.2 0.3 0.8 

First Year Yield kWh/kWp 700 900 1100 

Self-Consumption % 40 60 90 

Spot Price SEK/kWh 0.20 0.44 0.70 

Inverter Replacement SEK/Wp 0.5 2.0 3.0 

Green Cert Price SEK/kWh 0.05 0.10 0.25 

Each policy case is tested due to the variations in potential cash flow, however 

the differences between the overarching trends are minor and do not impact 

the conclusions. Therefore only the Prevailing scenario results are shown in 

Figure 22. The data shows two groups of variables categorized by their 

criticality to NPV. The more critical group has both steeper curves and nearly 

all maximum values are ±20% or more. The less critical group has notably 

shallower slopes and maximum values no greater than ±7%. Therefore the 

MCA will only use probabilistic inputs from the critical group, including; PV 
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system price, first year generation, self-consumption rate, system lifetime, real 

discount rate, and wholesale price. 

 

Figure 22 – Sensitivity analysis for the Prevailing subsidy scenario 

4.2 Probability Distributions 
Of the variables used as probabilistic inputs, there are two types of 

approaches; probability distributions and a stochastic time series model. 

Distributions are used for inputs that exhibit random variability without 

influence from the previous time step. This includes all inputs besides 

wholesale price and are listed in Table 14 with their respective definitions. 

Four of the distributions are shown graphically in Figure 23 and the 

qualitative motivation for each distribution follows. 

Table 14 – Probability distribution input definitions 

Input Distribution Selection Rate Units 

PV System Price (ex. VAT) N(13.6,0.98) Iteration SEK/Wp 

First Year Yield N(900,39.6) Annual kWh/kWp 

Self-Consumption Rate U(57,63) Annual % 

System Lifetime Wei(30.5,23.5) Iteration Years 
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Figure 23 – Probability densities and cumulative probability for MCA 

PV system price is influenced by a variety of factors, including but not limited 

to; equipment quality, installer experience, and building conditions. The mean 

specific system price (13.6 SEK/Wp) is the mean of the price curve in Figure 

14 for systems 20-50 kWp. The standard deviation is 0.98 SEK/Wp, which 

comes the maximum and minimum reported prices from installers for 

residential systems [5] applied to the 99.7% (3σ) bounds of the distribution, 

which is assumed to be normal. 

The first year yield of 900 kWh/kWp degrades over time, but will also vary in 

any given year due to variations in solar irradiation. Historic values from 

weather stations around Sweden show a 0.3% increase of irradiation per year 

since 1983 [192], sometimes attributed to less particulates in the atmosphere, 

however some climate models suggest the Nordics will have more clouds in 

the future [193,194]. If it’s assumed that these trends cancel out, the long-

term mean remains the same as today and variations can be normally 

distributed. This results in a standard deviation of 39.6 kWh/kWp. 
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The sizing optimization in Subchapter 3.3 found that desirable self-

consumption values range from 47% to 91% depending on the available 

subsidies. Several market studies have found that self-consumption often 

ranges between 50% and 70% [195] and a similar range has been informally 

estimated as typical for Sweden [196]. Therefore the mean value is taken from 

the center of this range at 60%. Annual variations are likely due to variations 

in weather and human behavior, however there is a lack of data describing 

the annual variations in self-consumption. Based on hourly load values from 

the above case studies and modeled PV generation, a range of ±3 percentage 

points is considered a reasonable assumption and is applied with a uniform 

distribution. 

Weibull distributions are commonly used to describe expected product end-

of-life across multiple industries, including power electronics [197]. The 

distribution shape is formed here by assuming that 1% of systems fail within 

25 years. To avoid unrealistic scenarios where the inverter is replaced right 

before the end-of-life for the system, the inverter’s lifetime is adjusted to be 

half of the system’s life to maintain a single replacement during the analysis. 

The median discount rate is based on the current cost of debt to Swedish 

prosumers, which is relatively low in 2019 [198]. There is a more likely chance 

that rates will increase in the future rather than decrease, which would be a 

missed opportunity for the prosumer to invest elsewhere. Therefore, an 

asymmetrical gamma distribution is used with 3% as the mode. 

4.3 Stochastic Time Series Model 
Wholesale prices are modeled using a geometric Brownian motion (GBM) 

model with mean reversion, which has been used by several energy 

investment studies [74,199–202]. The model is defined by Equation 13 and 

has three main components; the long-term mean (δy) that drives the general 

direction of prices, a stochastic Wiener process (θpy-1Wy) that accounts for 

annual fluctuations in demand and/or supply, and a term that drives prices 

back to the mean (α(δy-1-py-1)). 

𝑝𝑦 = 𝛿𝑦 + 𝜃𝑝𝑦−1𝑊𝑦 + 𝛼(𝛿𝑦 − 𝑝𝑦−1) Eq.13 
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The long term mean, also known as drift, is treated here as a pre-determined 

price path rather than the more commonly used constant rate of growth. 

There are four possible paths, shown in Figure 12, which are the result of 

energy systems modeling under four policy scenarios described in Table 2 

[176]. At the start of the simulation, a path is randomly selected based on the 

probability of its occurrence, also listed in Table 2, which is determined using 

a Delphi study presented in Paper g. 

The stochastic term consists of three variables; volatility (θ), price from the 

previous time step (Py-1), and a random value from the standard normal 

distribution (Wy). The historic volatility of average annual Nord Pool spot 

prices has been 0.356. It is assumed the same volatility will continue into the 

future and the model is tuned such that 0.356 is the mode in an output 

distribution. To clarify, the volatility considered here is on the annual prices 

over years, not hourly volatility within a single year. 

Prices are a market signal, reacted to and influenced by market actors, 

meaning that long periods of unusually high or low prices are unlikely to occur 

but rather trend back to the long-term mean [203,204]. The strength of the 

response is modeled using the previous year’s price distance from the mean 

(δy-1-Py-1) and a response modification term (α) with a range of 0–1. 

Even with mean reversion, unrealistic price futures are possible with the 

GBM model. To avoid this, a price floor (0.14 SEK/kWh) and ceiling (0.98 

SEK/kWh) based on historical minimum and maximum are used to filter 

unrealistic outputs. These are average annual price limits, not hourly price 

limits, given that only average annual prices are modeled. Likewise, a price 

series is rejected if the resultant annual price volatility over the 30 year 

simulation is more than double the historic value. Combinations of input 

volatility and mean reversion response have been tested parametrically to 

minimize the number of rejected paths and simulation time, with resultant 

values of θ=0.255, α=1. 

Two examples of GBM outputs are shown in Figure 24, along with the 

underlying price path from Scenario B and historical Nord Pool spot prices. 

GBM prices are generated once per iteration. 
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Figure 24 – Examples of the GBM price model output 

4.4 Results 
Within the general concern of risk, the MCA results are designed to answer 

three investment questions from the prosumer’s perspective; 

 What is the chance I will make a profit on my PV investment? 

 What is the chance of losing money on my PV investment? 

 How bad or good is the outcome likely to be? 

To answer the first two questions, new indicators are defined; the probability 

of profitability (PoP) and the probability of principle return (PPR). The 

probability is the percentage of NPV outcomes greater than zero from the 

100,000 iterations. Profitability is defined as a minimum acceptable real return 

of 3%, so PoP is the number of outcomes with NPV greater than zero when 

the discount rate is 3%. PPR is the same except the discount rate is zero 

meaning only the original investment is earned back without interest. 

The probability results for the three subsidy scenarios are shown in Figure 25. 

Unsubsidized, there is an 8.3% chance of having a profitable investment, 

which jumps dramatically to 81.5% with the Prevailing subsidy scheme and 

95.9% in the Best case scenario. It is interesting that even without support, 

there is a 100% calculated chance of having the principle returned. This means 

that even if the desired 3% return is not earned, there will at least be some 

profit had from investing in a PV system. So in response to the first two 
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questions, so long as a prosumer takes advantage of the currently available 

subsidies, they are likely to have a profitable PV system and are almost 

guaranteed not to lose money on the investment. 

Figure 25 – Probability of investment success under policy scenarios 

A more detailed view of the policy scenario results is given by Figure 26, 

which shows the distribution of results for simple and discounted payback 

times and IRR. The results are shown with box plots and whiskers where the 

center value is the mode, the ends of the boxes contain 95% of results (±2σ), 

and the ends of the whiskers contain 99.7% of results (±3σ). 

Focusing on the Prevailing scenario, the most probable wait for simple 

payback is 17.8 years. This highlights the challenge of risk aversion for 

prosumer adoption of PV even when final investment outcome is likely to be 

positive, as indicated by the PoP and PPR results. In the Best Case scenario, 

payback time is likely to be 12 years, and in the very best (read unlikely) 

conditions under 10 years. 

Even 10 years is relatively long for most prosumers, but given that PV is an 

investment in buildings, which are traditionally seen as a long term asset with 

relatively low, safe returns, there may be an opportunity to reframe the 

investment opportunity if the risk perception can be reduced. In the 

unsubsidized scenario, IRR is most likely to be 2%, and 97.5% of the time 

will be greater than 1.2%. While these are relatively poor investment returns 

in the current market, they are not losses either, which can make the answer 

to the final question, how bad could it be, not that bad depending on perceived 

risk in other investments and how the non-economic benefits are valued. 
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Figure 26 – Results distributions for SPB and IRR 

Policy scenarios are useful for assessing investment potential for prosumers, 

but for policy makers it can be useful to test the impact of individual subsidies. 

Figure 27 lists the PoP for the three primary PV subsidies independently 

applied under a range of implementation levels. PPR is left off since it is 100% 

in all cases. Capital subsidies are shown to have the greatest impact on PoP 

both in sensitivity and scale. A 20% rebate on its own can have a 60% PoP. 

Even at only five years, the feed-in bonus has nearly the same impact on PoP 

as the green certificates on all of the production. This is not surprising due to 

the much higher value of the feed-in bonus. 

 

Figure 27 – Probability of Profitability considering subsidy policy levels 
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4.5 Discussion on Updated Boundary Conditions 
As discussed in Subchapter 2.4, the boundary conditions from the original 

publications have been updated from 2015 to 2018 values, which have shown 

to be both positive (electricity prices, elimination of VAT) and negative (PV 

system price, green certificate price). Ultimately these changes have canceled 

out, as the MCA results presented here are similar to those in Paper 3. 

The two most significant variables are system price and electricity prices. The 

former was expected to be decreased, but instead increased due to improved 

data, meaning that the previous results are less relevant for MFH that 

previously thought. The latter is in part due to the recent spike in spot prices 

due to the warm and dry spring and summer seasons in 2018. Interestingly, 

these prices followed a similar pattern to those assumed in 2015 since the 

price path scenarios all have values above 0.35 SEK/kWh from 2020 and 

beyond. However, the market conditions have not changed dramatically from 

those when spot prices were half in 2015, meaning that persistent warm and 

wet weather could return, deviating from the price paths used here, and 

negatively impacting PV investments. Incorporating a market model that can 

generate price paths would be a valuable addition to the MCA analysis so that 

updated inputs can be generated as needed. 
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5 PVT plus GSHP 

The previous analyses consider PV systems servicing existing electrical loads 

in district heated MFH. This analysis seeks to answer the question how can I 

broaden the value of my PV system? The proposed system integrates solar thermal 

production with PV and expands into the building’s heating system. More 

specifically, this study describes the costs and benefits of a reduced-size 

borehole field in a solar-assisted ground source heat pump system. 

The objectives are met using a multi-dimensional parametric study of a GSHP 

system with PVT integration. A baseline GSHP system is modeled using 

typical Swedish MFH geometry and characteristics. The PVT array is 

integrated in a series/regenerative configuration and tested in multiple sizes 

up to the maximum permitted by the roof. The PVT plus GSHP concept is 

compared to DH as well as PV plus GSHP systems to identify the marginal 

differences between PV and PVT. 

5.1 Model Description 
The complexity of a building energy model requires detailed numerical 

analysis, performed here with TRNSYS. A simplified version of the model is 

given in Figure 28, which omits most of the outputs and controls for clarity. 

The model is only briefly described here with all parameters and boundary 

conditions provided in Appendix A of Paper 4. 

The building represents a typical MFH constructed between 1985 and 2005 

[205] and is modeled using Type 56. It has a footprint of 10 m by 50 m and 

four floors totaling 2000 m2 of conditioned area. The long sides of the 

building face north/south and are 40% window by area. There are 30 

apartments, each demanding 2000 kWh/year of electricity (30 kWh/m2/yr) 

that are applied as heat gains. The final space heating demand is 125 

kWh/m2/yr and DHW demand is 38 kWh/m2/yr. DHW and apartment 

loads are modeled using a stochastic load generation tool assuming 60 

residents [156,206]. The building is placed in Stockholm with climate data 

generated by Meteonorm 7.2 [125]. 
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Figure 28 – PVT plus GSHP model in TRNSYS 

The heat pump is a commercially available, variable speed model. It has a 

heating capacity range of 21-88 kW and a nominal coefficient of performance 

of 5.30. It is modeled using a black-box approach based on performance map 

created with testing standard EN14825 [207] and three-dimensional 

interpolation. Compressor speeds are controlled using a heating curve and the 

circulation pump speeds are directly proportional to the compressor. 

Space heating is delivered via wall-mounted radiators to eight thermal zones 

with a 21 °C setpoint. DHW is stored in two 1000L tanks with a 55 °C 

setpoint and water is delivered to the building at 50 °C. 

A 100 kW direct electric backup heater is used to support the heat pump 

during peak loads and replace it during shutdowns. The baseline system is 

designed not to use the backup, as is typical with an inverter controlled heat 

pump, but it becomes critical in cases with a reduced borehole field. Shut 

downs are only caused by inlet temperatures to the evaporator exceeding the 

chosen limit, which is also tested parametrically. 

Type 557a is used to model the borehole field with fluid capacity and 

residency modeled with a specialized pipe [208]. The baseline field is sized 

using a modified ASHRAE method [209] resulting in 12 boreholes, 20 m 
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apart and 300 m deep. Type 557 assumes equidistant spacing between 

boreholes (triangular pattern), which is a reasonable approximation for 

rectangular grids [210,211]. Circulation pump power is modeled with Type 

742 with input from Type 586d to calculate pressure drop. 

The PVT collectors are modeled with a validated Type 560 [212] based on a 

prototype design using glass-glass PV modules and an aluminum/copper heat 

exchanger on the rear. Circulation is fixed speed and the pump controlled 

using a deadband approach between the collector outlet and borehole outlet 

temperatures. The roof has a 20° tilt facing due south absent of shading and 

a gross area of 266 m2. Considering setbacks and collector geometry, the 

maximum PVT array size is 144 collectors totaling 236 m2 and 40.3 kWp. 

In addition to the seasonal performance factor (SPF) defined in Subchapter 

2.2.4, systems are compared using total life cycle cost (TLCC) defined by 

Equation 14. In the terms of the metering schemes in Figure 9, this includes 

the cost of grid electricity (Eg,t) and the revenues generated by the sale of 

overproduction to the grid (Eop,t). It only considers the heat pump system and 

no other loads, which would be constant in all cases and not impact the 

conclusions. It can be broken up into three distinct cost groups; investment 

(Ix), operations and maintenance (OMx), and residual value (RVx). 

𝑇𝐿𝐶𝐶𝑋 = 𝐼ℎ𝑝 + 𝐼𝑏ℎ + 𝐼𝑝𝑣𝑡 + 𝑂𝑀𝑒𝑙 + 𝑂𝑀𝑒𝑞 − 𝑅𝑉𝑝𝑣𝑡 − 𝑅𝑉𝑏ℎ Eq.14 

Each cost component includes detailed sub-models which are fully described 

in Appendix B of Paper 4, including all prices. The economic lifetime is 

expected to be 20 years, based on the typical lifetime of a heat pump. Since 

PV/PVT systems are assumed to last 30 years and boreholes for 60 years, 

their residual values are deducted from the TLCC. TRNSYS simulations are 

run for 20 years using a three-minute time step, thereby capturing long-term 

trends in ground temperature. 

Prior to testing the boreholes, the PVT pump controller is parametrically 

tested to identify the ideal flow rate and cut-in/out temperatures considering 

maximum net electricity savings. The optimal specific flow rate is found to be 

20 l/hr/m2 with a cut-in temperature difference of 6K and cut-out of 1K. 

With these settings, the borehole field parametric analyses are run to test 
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reductions in spacing and borehole count considering various PVT array 

sizes. To test the limits of possible land reduction, both spacing and borehole 

count are reduced in a combined case and used to test backup heater controls. 

5.2 Results 
The series/regenerative configuration has three operation modes depending 

on the operation states of the PVT and/or heat pump. PVT thermal energy 

can either be fed into the heat pump directly, or used to regenerate the 

boreholes. The results in Figure 29 are from the baseline GSHP with 144 

PVT collectors showing the distribution of PVT thermal energy. On the left 

it can be seen where the heat is delivered, with approximately 45% injected 

into the boreholes. The right side of Figure 29 shows the boreholes’ thermal 

energy balance. Between June and August, the heat pump is capable of 

operating exclusively on PVT, and 20% of the annual heat supplied directly 

to evaporator comes from the solar collectors. 

Figure 29 – PVT thermal energy distribution and BH energy balance 

Using PVT to cool the PV cells is sometimes cited as an opportunity for 

increasing electrical generation due to the thermal losses in PV cells. The 

potential for efficiency improvement is particularly interesting in this system 

configuration since the ground temperatures are cooler than a typical DHW 

tank. In the parametric case with the lowest borehole temperatures, PV 

production is increased by 2% in year one and up to 2.5% in year 20, 

comparable to previous studies [213,214]. The gain is about the same as the 

electricity needed to run the PVT circulation pump, making the thermal 
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production energetically free, however in the context of the whole system the 

additional gains in PV generation are a minor benefit. 

As mentioned in Subchapter 2.2.4, solar ratio/fraction are not reported due 

to the limited methods for including solar thermal and the minor difference 

between PV and PVT systems when only electric production is considered. 

For comparison to the DH buildings, the maximum SR from all simulations 

is 39%, corresponding to a SF of 13%. This does not include some of the 

equipment in Chapter 3, such as fans, exterior lighting, or laundry rooms, 

which would reduce SR but increase self-consumption and most likely SF. 

5.2.1 Borehole Geometry 
A primary limitation for GSHP in MFH is land area, therefore this analysis 

focuses on reducing the borehole count and spacing while the depth remains 

300 m in all cases. PVT collector area is also tested parametrically against all 

borehole cases, and the range of tested values are given in Table 15. 

Table 15 – Borehole and PVT array configurations 

Parameter Unit Range Step 

Borehole Spacing m 5 – 20 5 

Borehole Length    

     Count - 4 – 12 2 

     Total Length m 1200 – 3600 600 

PVT Array    

     Collector count - 0 – 144 48 

     Area m2 0 – 234 78 

     PV Peak Power kWp 0 – 40.3 13.4 

Results are presented in chart pairs showing the 20 year average for SPF4+ 

(left) and TLCC (right) as a function of the spacing/count and PVT collector 

area. To make the results more universally comparable, the borehole length 

and PVT area are given in specific units normalized to the annual heat 

demand of the building (Qsh+Qdhw), which is 326 MWh/yr. Results are also 

shown with two types of markers, open and filled. Open markers indicate a 

risk of borehole freezing at any point during the 20 year simulation. Freezing 

should not be interpreted as being absolutely necessary to avoid since damage 

to the system is not common [215].  Damage to the land around the borehole 
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is more frequent but it is beyond the scope of this study to quantify the cost 

of potential damage to either land or the borehole heat exchangers. 

The results from borehole length testing are given in Figure 30. SPF4+ is 

improved at most by 3% when PVT is added to the baseline borehole field. 

In the shortest boreholes PVT improves SPF4+ by 25%, however this is 35% 

lower than the SPF4+ of a fully sized borehole field. To maintain an equivalent 

SPF4+ to the baseline system, the borehole length can be reduced by 0.8% for 

every 10 m2 of PVT collector and with the largest PVT array the maximum 

borehole length reduction is 18%. In almost all systems with PVT, the TLCC 

is higher suggesting that the cost savings from drilling are not enough to 

motivate the cost of a PVT system. Only if the SPF is relatively poor, in this 

case caused by extremely undersized boreholes, will a PVT plus GSHP system 

be cost effective. 

Figure 30 – SPF4+ and TLCC as a function of BH length and PVT area 

The efficiency penalty is much less with reduced borehole spacing, shown by 

the results in Figure 31. The baseline SPF4+ can be maintained when there are 

10 m2 of PVT for every 0.5 m of spacing reduction. With 5 m spacing, the 

largest PVT array is able to deter borehole freezing and maintain an SPF4+ 

within 1% of the baseline system. Considering the 3x4 drilling pattern, this 

represents a 94% reduction in land area.  
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Boreholes on separate properties are required to maintain a 20 m spacing, 

however in a single system they are often placed 15 m apart to save land area. 

The 5 m spacing allowed by PVT saves 1200 m2 of the land area as compared 

to the 15 m spacing, but increases TLCC by 620 kSEK. If land were to be 

purchased only for the GSHP system, it would need to cost more than 520 

SEK/m2 to make the PVT economically interesting. By comparison, in most 

communities land for new construction costs 2500 SEK/m2 or less [216], but 

increases dramatically in cities where prices can reach 30,000 SEK/m2 [217]. 

Figure 31 – SPF4+ and TLCC as a function of BH spacing and PVT area 

5.2.2 Backup Heater Control 
The direct electric backup heater is triggered if the secondary fluid 

temperature entering the evaporator falls below -4 °C. This is 6K higher than 

what the heat pump is capable of but up to 5K lower than regulated 

temperatures in central European countries [218,219]. This setting strongly 

influences SPF [89,218] and since Sweden does not regulate secondary fluid 

temperatures, this is considered a design choice and tested parametrically. 

Testing the evaporator limit requires an undersized borehole field that can 

create the low temperatures. Therefore a compact field is used with eight 

boreholes (2400 m total length, 7.4 m/MWh/yr) spaced 10 m apart. The inlet 

temperature limit is varied from -6 to 0 °C in 1 °C steps with the same PVT 
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sizes used previously. For reference, the baseline system is unaffected by this 

study since the secondary fluid does not reach 0 °C until year 20. 

The results in Figure 32 show that as the evaporator temperature limit is 

increased, SPF4+ dramatically decreases. PVT has a considerable impact at 

higher limits, particularly at -2 °C where SPF4+ can be increased by up to 36%. 

An inflection point occurs between -2 to -3 °C where the higher limits result 

in better TLCC for PVT. If freezing avoidance were a priority, and the choices 

were to increase backup heater use or install PVT, the least cost option is to 

set the limit at -2 °C and install 0.24 to 0.48 m2/MWh/yr of PVT. 

Figure 32 – SPF4+ and TLCC as a function of evap. limits and PVT area 

5.2.3 Detailed Economic Results 
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however a more detailed review of costs helps describe various economic 
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A component level breakdown of TLCC is given in Figure 33. The left 

column contains the realized costs during the 20 year economic lifetime, 

consisting of three types of equipment investments in blue, and O&M in 

yellow. The right column is the same height, but the top two categories are 

residual value of the PV/PVT systems (30 year life) and boreholes (60 year 

life). The resulting red column is the final TLCC. The baseline system has a 

TLCC of 2.89 MSEK. It is also shown with an NPV optimized PV system of 

72 modules (Base+72PV), equivalent to 19.8 kWp, with a TLCC of 2.80 

MSEK. The lowest cost option is C1 with PV at 2.69 MSEK, a savings of 

4%, but also has a potential freezing risk. 

There are some notable comparisons to be made between the baseline system 

and C1 with 48 PVT modules. C1+48PVT has a slightly lower investment 

and realized 20 year cost, however the greater residual value in the larger 

borehole field leads to a 4% lower TLCC in the baseline system. The C2 cases 

are similar in that they both avoid borehole freezing, but one relies on the 

backup heater and the other uses PVT. Here the PVT is a lower cost option 

by 4%, but does require a much larger up-front investment. C2 with PVT is 

also 16% more expensive than the baseline system with PV, meaning that if 

the land area is available then it is more economically interesting to install a 

traditionally size GSHP with PV than PVT. 

 

Figure 33 – Categorical costs for selected systems and district heating 
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While PVT plus GSHP may not have lower costs than a PV plus GSHP 

system, a more interesting comparison is with district heating prices given that 

over 90% of MFH are connected to DH. The dashed blue line in Figure 33 

indicates the 20 year cost for DH at 3.83 MSEK. This is higher than the 

realized 20 year costs for most GSHP options and 18-28% greater than the 

TLCC once the residual solar and borehole value is included. Therefore, MFH 

with restricted land could use PVT to provide the additional source heat 

necessary to install a more cost-effective GSHP. 

5.2.4 Sensitivity Analysis 
The nominal boundary conditions used in this analysis are representative of 

the 2019 market, but are subject to considerable uncertainty. A multi-

dimensional sensitivity analysis considering the variables in Table 16 is used 

to identify how PVT plus GSHP systems compare under different market 

conditions. Variables include specific drilling cost (SEK/m), electricity price 

(SEK/kWh), specific PVT cost (SEK/m2), and the discount rate. The 

baseline GSHP with the cost-optimally sized PV array is compared to three 

system alternatives: 

 C1 with PV since it has the lowest nominal TLCC 

 C1 with 48 PVT, lowest cost PVT system that prevents freezing 

 C2 with 144 PVT, it avoids the backup heater similar to baseline 

Table 16 – Sensitivity analysis input variables and ranges 

Parameter Unit Nominal Range Step 

Specific Drilling Cost SEK/m 331 to 337 +/- 30% 10% 

Electricity Price SEK/kWh 1.10 -20% to +40% 10% 

Specific PVT Cost SEK/m2 6250 to 7360 -40% to +20% 10% 

Discount Rate % 3 0 to 10 1 

A brief summary of the results are presented here with the full analysis 

available in Appendix C of Paper 4. 

As expected, the relative economic performance of a reduced-size borehole 

field with PVT improves as drilling costs increase and PVT costs decrease. 

Higher electricity prices increase the absolute cost of all systems, indicating 

that the marginal economic benefit of PV is less than the additional cost to 
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the heat pump. However, the increased electricity prices make larger PV 

systems more economical relative to PVT. 

PVT costs are the most sensitive variable towards making PVT plus GSHP 

systems economically competitive. No combination of electricity prices and 

drilling cost could overcome the nominal cost of the PVT system. A 40% cost 

reduction in PVT is enough to make C1+48PVT equal to the baseline, 

however no result with C2+144PVT is found to be better than the baseline 

with PV. 

Discount rate sensitivity is most critical in the comparison of the heat pump 

systems to district heating rather than each other. Figure 34 shows the 

sensitivity analysis of the discount rate for several heat pump options and 

district heating. The 3% nominal rate is marked by the red bar. In general, 

higher discount rates favor cash flows where costs are deferred to the future, 

which is the case for DH relative to heat pumps. At 5%, the cost of DH falls 

below C2+144PVT and at approximately 7.5% it becomes cheaper than 

nearly all options. The currently low interest rates are a benefit to heat pump 

and solar energy investments. 

Figure 34 – Discount rate sensitivity for SHP and DH 
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6 Conclusions 

When the doctoral work for this thesis began in 2013, there was relatively 

little techno-economic information on PV systems for Swedish prosumers; 

the market was 1/10th the size, filled mostly with early adopters, and solar 

energy was a rounding error in the overall energy system. In 2019, PV is 

expected to be a significant part of Sweden’s future energy system, primarily 

in prosumer owned buildings, as interest and support from the public grows. 

The sunny market trends for PV are clouded by the consistent pressure to 

reduce costs in light of fading subsidies. Alternatively, novel information or 

applications have the potential to add value to PV that can overcome barriers 

to adoption. This thesis contributes by describing the techno-economic value 

of PV in a way that uses common investment tools in advanced analyses that 

can remain approachable for prosumers. More specifically, the results answers 

three questions from the future prosumer’s perspective: 

 How much PV should I install? 

 What is the chance my system will become unprofitable? 

 How can I broaden the value of my PV system? 

Answering these questions requires a fundamental understanding of what 

value is and where to draw the line between objective and subjective values 

that contribute to a final decision. In support of this, Chapter Two presents 

a comprehensive review of techno-economic analyses, finding a broad range 

of approaches and indicators within PV, energy, and investment analysis more 

generally. Most investment-oriented, techno-economic studies for PV in the 

academic literature have used relatively simple techniques in part due to the 

simple structure of PV policies (i.e. feed-in tariffs). As energy systems and 

markets become more complex, the design objectives and models for 

representing the market become more complex. This is a challenge when 

selecting prosumer specific KPIs and analysis techniques due to their non-

expert status as energy investors, diverse set of personal values, and seemingly 

irrational behavior within the neo-classic economic paradigm. 

From the Chapter Two review, three technical and three economic KPI are 

selected for PV specific analysis: solar ratio, self-consumption, solar fraction, 
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net present value, internal rate of return, and simple payback time. All are well 

known and no unique modifications are made here, specifically the reason 

why they are well suited for prosumers. However, simply applying these KPI 

is not enough, rather they are used here to describe value in a multitude of 

ways that help prosumers make informed decisions.  

Chapter Three is dedicated to answering the question - how much PV should I 

install? Ultimately this is an optimization question, however the results show 

that there is no single, objective answer. If prosumers wish to have the best 

possible economic outcome, then IRR/SPB should be prioritized. This will 

result in relatively small PV systems considering the size of MFH, and could 

underutilize a lot of potential roof area. If NPV is prioritized, systems can be 

twice as large with relatively little penalty in IRR/SPB. If solar ratio/fraction 

is prioritized, it is possible in some buildings to profitably install systems with 

a 100% solar ratio, equivalent to a net-zero energy building, given the 

currently available subsidies. However, if the micro-producer tax credit were 

removed, these large systems would be at a greater risk of becoming 

unprofitable due to the low rates of self-consumption. 

Perhaps more influential on profitability than sizing is the metering structure 

used for the apartments. Independent metering schemes are commonly found 

in cooperative MFH, however they can severely limit the potential size of a 

PV system particularly if economic return is a priority. Communal metering, 

where all apartments and property loads are on a single meter, dramatically 

increases self-consumption such that larger systems with lower specific prices 

can be installed, thereby improving all technical and economic KPI. For MFH 

already using communal metering, PV should be an attractive investment in 

most buildings with appropriate roofs. For MFH using independent metering, 

switching to a communal scheme could be a barrier to adoption due to the 

extra personal effort involved, and regulatory or market-based solutions to 

reduce this barrier should be investigated. 

This exercise in PV sizing will ultimately result in a specific system with an 

expected economic outcome. However, the lifetime of a PV system is long 

and there will always be a risk that the original boundary conditions do not 

hold. People tend to be risk adverse, and the uncertainties surrounding long 

payback times with PV investment can be a barrier to adoption. Here the 
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prosumer may ask – what is the chance of my investment becoming unprofitable? In the 

review of Chapter Two, Monte Carlo analysis is highlighted as a useful tool 

for quantifying market based risk into probabilities, turning what might happen 

into what is likely to happen. 

The MCA results in Chapter Four show that Swedish prosumers with a well-

designed PV system have at least an 80% probability of profitability, defined 

as earning a 3% real return on investment, given the current subsidies; without 

subsidies the probability falls to 8%. However, even without subsidies there 

is a calculated 0% chance of losing principle, meaning that even if a PV system 

does not earn the desired return, it will not result in a loss of the original 

investment. Prosumers tend to gravitate towards SPB as a primary investment 

metric, and the results suggest the payback time will be between 11 and 19 

years, 95% of the time, under the two most likely subsidy cases. 

Whether these risks are acceptable is again a value judgment for the individual 

prosumer. Having this information is valuable though, as it may help to 

reduce the fear of economic loss. Deterministic studies combined with 

sensitivity analyses do not deliver risk information for prosumers as well as 

an MCA can, however the techniques for delivering MCA results may still 

need improvement. 

The majority of this thesis is spent describing various techno-economic 

analyses of PV in MFH with district heating since these are the most common 

conditions in Sweden. While PV does contribute to renewable energy goals, 

in Sweden’s current energy system the electrification of heating has a greater 

potential to reduce GHG emissions. To help answer the question how can I 

broaden the value of my PV system, a viable pathway to building electrification is 

sought. 

Chapter Five demonstrates that when PVT is integrated as a secondary heat 

source with GSHP, borehole count and spacing can be reduced to save up to 

87% of the required land area. For MFH where land is not a constraint, a 

traditionally sized GSHP combined with PV is a more cost-effective solution 

and should be used instead of PVT. However for MFH currently restricted 

to district heating as their only alternative, a PVT plus GSHP system can be 

a less expensive option. 
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The energetic and environmental goals of Sweden include an energy system 

supplied 100% by renewables with net-zero GHG emissions. Subsidies play 

an important role in the economic attractiveness of PV in Sweden, and it is 

likely that far fewer systems would be installed without the capital subsidy in 

place. Similarly, the capital subsidy encourages any given prosumer to install 

more PV profitably, assuming they are seeking maximum PV system sizes in 

exchange for lower return on investment (IRR). On the contrary, the feed-in 

bonus (i.e. micro-producer tax credit) helps to increase sizes when maximum 

economic return is sought, but is less useful in increasing system sizes overall. 

It also insulates prosumers from market price signals, reducing the incentive 

to integration prosumer PV with the larger electricity system. Therefore, to 

deploy the most amount of PV with the greatest potential for successful 

system integration, policy should be based on capital subsidies while also 

encouraging prosumers to balance economic return with solar ratio. 

The extent to which PV is deployed in any given MFH, or MFH as a prosumer 

class, will depend not only on government policy, but on personal motives, 

risk tolerance, and an understanding of the full costs and benefits of adoption. 

The methodology developed and applied in this thesis analyzes solar PV value 

in a holistic and novel way using commonly known KPI towards the goal of 

providing prosumers with a better understanding of their options. With 

further work in communication techniques and design, this methodology can 

become increasingly valuable in helping prosumers make more informed 

decisions and participate in societal energy and environmental goals. 
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7 Discussion 

A key factor in technology diffusion is that adopters are not homogenous, 

they have a distribution of needs and values that influence when they will 

adopt a new technology. This logic can also be extended to describe how 

much of a technology is adopted. For example, the optimization analysis of 

Chapter Three shows that there is no objectively optimum system size, but 

rather prosumers must consider their own priorities. If NPV or IRR are 

considered an accept/reject analysis where a minimally acceptable value is 

used as a threshold, then there are a range of acceptable systems sizes and the 

prosumer has the option of placing greater importance on solar fraction/ratio 

or economic gain. This is a fundamentally personal decision and one which is 

likely to be influenced by marketing, peers, and society as a whole. 

There can also be a value judgement in the minimal acceptable rate of return, 

or hurdle rate. Hurdle rates represent the opportunity cost of capital, usually 

varying by risk profile. For example, government treasury bonds are generally 

less risky than corporate stocks, and therefore the market requires stocks to 

have a higher rate of return. Discounting can also represent the time value of 

welfare, basically how important the future is relative to the present; the less 

important the future is, the higher the discount rate becomes. 

A prosumer’s tolerance for risk, preferences for the future, and ethical 

motivations will all feed their own personal hurdle rate. It can also be the case 

that personal hurdle rates are elastic and open for influence. If a customer is 

already interested in solar PV and is not simply interested in earning the 

highest possible return, then the cost of earning a 2% lower real return might 

be acceptable to gain the technical and social benefits of having the PV 

system, particularly if it can be demonstrated to be a low-risk investment. The 

presentation of results used in Chapters Three and Four could be applied by 

PV providers to have a discussion of value with customers and help identify 

their preferences. 

Prosumer values and motivation will also play heavily in the amount of PV 

adopted. The independent metering scheme typically used in MFH is a 

limitation to self-consumption and by extension the PV system size. Given 

that apartments are the majority of the load in DH heated buildings, 
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communal metering schemes offer a considerable opportunity for increasing 

economic gains and hedging against the loss of meter subsidies in the future. 

However, the personal effort in managing the transition from independent to 

communal metering is a barrier that could limit total PV deployment. 

Likewise, the adoption of a PVT plus GSHP system is a considerable effort, 

but if done within an independent metering scheme may still be easier than 

coordinating all of the residents in a cooperative MFH. 

7.1 Recommendations 
Although motives are highly personal, the results presented in this thesis 

suggest that solar fractions should be prioritized over investment returns in 

the interest of transitioning to a sustainable energy system as quickly as 

possible. With that said, there are other stakeholders for which actions can be 

recommended; system designers/providers and policy makers. 

7.1.1 System Designers and Providers 
The techniques applied in this thesis are most relevant for PV system 

providers who are in direct contact with customers. Incorporating these 

techniques in educational material or offers/quotations could provide a more 

rich description, improving customer education efforts, and potentially lead 

to greater sales. As mentioned in the last subchapter, a discussion regarding 

technical, economic, and environmental values with relevant figures at hand 

could influence the desired system size. At the same time, the data can be 

hard to communicate, and future work (described in the following 

subchapter) is dedicated to information delivery techniques. 

Many PV consultants add value by handling the administrative burdens 

surrounding an installation. Within the MFH customer segment, there is a 

potential business opportunity in energy management services and the add-

on of additional technologies. This is largely motivated by the potential value 

that can be captured in communal metering, which could also lead to larger 

PV system sizes. Such a system could also incorporate EV charging by 

automating the billing from any charging station owned by the MFH to the 

respective home owner. Such metering services may be a nascent opportunity 

currently, but will likely grow rapidly with both PV and EVs poised for 

increased adoption. 
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7.1.2 Policy Makers 
As mentioned in the conclusions, the capital subsidy should continue to be 

leveraged as the primary method for encouraging PV adoption, while the 

feed-in bonus should be considered for removal. The feed-in bonus distorts 

price signals, encourages overproduction, and can lead to oversized PV 

systems when combined with the capital subsidy. At the same time, as the 

most critical government policy towards the profitability of PV systems, more 

stability needs to be in place around the capital subsidy budget. 

Understandably, the budget cannot be unlimited in the event of a rush on PV, 

however multiple replenishments of the funding in a single year causes 

instability in the market and uncertainty for prosumers, hindering adoption. 

MFH currently have the right to organize around a single meter for communal 

metering, which dramatically improves PV economics, however a virtual 

communal metering scheme could lower the barriers to adoption. As an 

example of how the current policies can harm MFHs, when installing PV a 

large BRF not only replaced all of their electricity meters, but also buried 

direct current power lines between buildings in order to share PV generation 

with most of its members. This is an overly large burden for most prosumers, 

and an unnecessary use of resources to achieve physically what can be easily 

accomplished digitally. An investigation into the regulatory barriers (e.g. tax 

policy and/or government revenues) and outcomes for various stakeholders 

(e.g. grid operator and electricity retailers) is recommended to identify the 

potential of such a scheme. 

7.2 Limitations and Future Work 
As the framework in Figure 8 shows, prosumer PV intersects with many 

systems. The vast complexity of technology, finance, and electricity markets 

force a narrowing of scope and the simplification of models. There are several 

aspects of this thesis relevant for PV techno-economic analysis that could and 

should be improved in future work. 

Given the utility of the methodologies reviewed and selected for this thesis, 

there is value in expanding its reach to other prosumer types (i.e. building 

types) and maintain regular updates. From the beginning, this research 

targeted the widest possible prosumer audience, at least within MFH. This led 
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to more common, older buildings to be selected for analysis and other 

building types should be characterized to broaden the scope. To increase the 

utility, the models could be codified into a web-based platform with the 

potential for prosumers to access to their own meter history. Boundary 

conditions could be populated automatically and updated on a regular basis. 

This would help transfer this research from a somewhat static state in 

academia to a more useful and relevant tool for society.  

A notable limitation of the price model used in both the deterministic and 

probabilistic analysis is that it is static. The price paths, while an improvement 

over fixed growth rates, are constrained to the time and scope of the 

simulations that created them. This is not a critique of the models and 

methods, it’s a limitation of this study that long-term price paths cannot be 

simulated endogenously. A bottom up electricity market model would be 

highly valuable for any energy investment analysis, not only PV, but would 

also add considerable computational demands [220]. Additionally, research 

describing the Swedish electricity system with high penetrations of PV would 

be valuable for assessing the risk of price erosion due to covariance [106]. 

Monte Carlo has been used for many years in corporate financial analysis and 

is a highly valuable risk assessment tool for professional investors. While not 

particularly complicated, the method is likely unfamiliar to most consumers 

and it is still unknown how they might adopt this information. Since the 

1970’s, it has been believed that human intuition is generally poor at 

understanding probabilities [221], however the way information is framed has 

been shown to make a significant difference in understanding [168,169]. 

Therefore, communication techniques for MCA should be developed and 

tested to determine if the approach has utility for prosumers. MCA results 

can also be combined with behavioral economic techniques for powerful new 

tools to aid in decision making under uncertainty, both for humans and 

machines (e.g. smart contracts). 

It is also difficult for MCA to incorporate rare, exogenous events, such as 

policy changes or restructuring of the electricity market. When the probability 

of principle return is calculated to be 100%, it does not mean there is 0% 

chance that money could be lost under any possible scenario, it is only 

applicable to the market as it is simulated. In the future, it could be valuable 
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to combine MCA with other risk analysis techniques, such as event trees, to 

create more holistic probabilistic analyses. 

While there is a potential for PVT to enable increased GSHP adoption in 

MFH, the application is likely limited to older and larger buildings. New 

buildings that use GSHP are commonly built with cooling systems that can 

regenerate the boreholes, competing with PVT and providing an additional 

comfort service. New buildings also demand much less heating, limiting the 

motivation for expensive and efficient supply systems. It may also be possible 

to remove the boreholes altogether and use the PVT as a solar/air source heat 

pump [222]. Regardless of the application, PVT costs need to be reduced if 

they are to become competitive to a broader market. Low temperatures in the 

GSHP allow polymers to replace more expensive aluminum and copper 

components, and future work should be dedicated to the design and costing 

of these systems. More monitoring studies would be welcomed as well to 

validate the system performance. 

7.3 Contribution and Impact 
The trends in global PV markets are positive, however adoption must 

continue to accelerate if the worst impacts of climate change are to be avoided 

[223]. Applying PV to buildings is ideal for generating renewable energy 

without the environmental impacts of land change. In accordance with the 

objective, this thesis aspires to have a meaningful impact on the adoption of 

solar PV in the built environment. 

This work contributes in two dimensions: scientifically and in the Swedish 

market. Much of the research takes a “back to basics” approach by focusing 

on methodologies that can be uniquely relevant for prosumers. To this 

author’s knowledge, a similar review of indicators has not been made since 

the 1990’s, when grid-connected prosumers were barely an idea. The 

individual approaches are not entirely novel, however inventing new KPI is 

only necessary if they can add value. Most of the research literature either 

leans towards a technical or economic focus, and the methodology used in 

this work promotes an approach that strikes a balance of both. It promotes 

looking beyond the basic definitions of value and offers a timely reference for 

researchers working on market-oriented solar PV applications. 
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In the local Swedish market, energy advisors, business leaders, and policy 

makers have used the public reports to adopt the results in their own work. 

Paper g and its Swedish summary in particular were some of the earliest 

reports to aggregate almost all aspects of the energy market directed to a 

prosumer audience. They have been distributed to tens of hundreds of people 

in print and digital form, informing local stakeholders and hopefully inspiring 

building owners to adopt solar PV. 
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