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1. Introduction  

1.1. Background and research environment 

With the adoption of the Energy Performance of Buildings Directive (EPBD), the 

EU has agreed that its member states shall ensure that all new buildings must be 

nearly-zero energy buildings (nZEBs) and cost-optimal by 31st December 2020 

(EPBD, 2010; Visscher et al., 2016; Ferreira et al., 2014). Thus, it has become clear 

that energy planning and management in the built environment should not only 

progress towards the net zero or nearly-zero energy balance but that it should also be 

reached in a cost-effective manner. Without such an economic perspective, the costs 

of constructing nZEBs may outweigh the benefits, so the measures that are set in 

place to reduce the energy use in buildings are at risk of being ineffective. Therefore, 

it is crucial to determine which energy strategies will allow the Member States of the 

European Union to reach low-energy demand by cost-optimal solutions in the built 

environment. To do so, the performance of highly energy-efficient buildings with 

modern technologies needs to be thoroughly studied.  

1.1.1. Energetic and exergetic performance of hybrid prosumers 

Reaching low-energy demand in buildings requires excellent energy efficiency, 

reduced energy demands, and the inclusion of significantly enhanced on-site 

renewable energy and advanced storage systems (Judson & Maller, 2014; Cao, 2016). 

The combination of these actions may lead to periods when there is a surplus of on-

site generated energy that should be properly managed, since zero-energy buildings 

connected to grids should be able to operate in synergy with them (Sartori et al., 2012; 

Cao and Sirén, 2015). Moreover, the use of components such as heat pumps (HP) 

links different forms of energy (thermal and electrical); hence, a need arises to study 

nZEBs as hybrid energy systems (Wemhoener et al., 2017; Coninck et al., 2014; Nord 

et al., 2016). An emerging perspective for addressing sustainable energy use is the 

study of smart energy systems (Lund, 2014). These types of system rely on 

integrating smart electricity grids, smart heating grids and other means of energy 

transport and storage in order to increase the use of fluctuating energy sources, such 

as wind and solar power, as described by Mathiesen et al. (2015). These authors also 

stress the need for smart grids that harmonize the exchanges with ’suppliers, 

consumers, and those that do both’. The latter, also named prosumers, or active 
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energy consumers (European Parliament Think Tank, 2016), are buildings that import 

electricity, heating and/or cooling from the respective grid(s) and also export surplus 

and/or residual energy, unlike consumers, which only import energy. Prosumers have 

been studied in detail regarding their role in the electricity sector, but only limited 

studies exist about prosumers in the heating sector. Brange et al. (2016) present a case 

study of small-scale heat prosumers in Malmö, Sweden, where excess heat from 

cooling systems can be exported to smart heating grids. They show that even if the 

presence of heat prosumers in a system comes with challenges, it has significant 

potential to improve the energy balance.  Besides, the need for heat at different 

temperatures (e.g. for space heating, air handling unit [AHU] heating and domestic 

hot water [DHW]) further complicates the management of thermal resources. Thus, an 

energy-based analysis could be complemented by an exergy analysis, which may give 

additional insights into the supply and demand management of the system. 

Exergy is the maximum work potential in an interaction between a system and its 

surrounding environment; if the system is in equilibrium with the environment, the 

exergy of the system is null (Torío et al., 2009; Hepbasli, 2012). While energy is the 

most common approach to measure work, exergy offers information about the quality 

of the energy and whether it could be better exploited. Exergy thus gives deeper 

insight into the efficiency of a process: no longer is efficiency only a measure of units 

of energy in versus units of energy out, but of how useful are the units of energy in 

versus how useful are the units of energy out. Two comprehensive reviews on exergy 

analyses of the built environment by Torío et al. (2009) and Hepbasli (2012) are 

available. The authors pointed out that exergy can be used to show the influence that a 

modification of the process or the components has on the overall performance of the 

energy system. This potential can be better observed through the exergy method 

rather than through energy balances.  Most of the reviewed studies focused on one or 

two heating systems, and those that analysed several systems did so on a case-by-case 

basis so the interactions between different systems were not studied.  

The dependencies between supply and demand systems have been investigated by 

other authors. Terés-Zubiaga et al. (2013) conducted a dynamic exergy analysis for 

the different energy supply configurations of a social dwelling, such as HPs, 

combined heat and power (CHP), and solar panels. It is concluded that the exergy 

approach complements and gives a more rational analysis than if the analysis is solely 
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based on energy, since it indicates the ideal thermodynamic improvement potential. 

Kılkış (2012) drew key lessons from the case study of a premier net-zero energy 

building in Ankara, Turkey. The Rational Exergy Management Model (REMM) 

proposed by the author aims to reduce primary energy consumption and CO2 

emissions by means of improving the match of the exergy values of the energy supply 

and demand, so as to put forth a value chain with ‘exergy-aware’ features. Moreover, 

Kilkiş applied REMM to propose energy concepts for a pilot, near net-zero exergy 

district in Sweden (Kılkış, 2015), and stressed the importance of exergy-aware 

planning. Razmara et al. (2015) developed a model predictive control technique based 

on the exergy model for a building, aiming to minimize exergy destruction in the 

heating, ventilation and air conditioning system. When compared to predictive control 

based on energy, the exergy-based control reduced exergy destruction and saved more 

energy. Some gaps in the literature have been found, though. Exergy studies that 

focus on exchange with a heating grid have so far been limited to exchange in a single 

direction – the grid supplies heat to the building. Only Kılkış (2012) addressed 

bidirectional exchange, yet the analysis focused on the reduction of CO2 emissions 

and did not explore its effects on the overall efficiency of the system, nor its economic 

profitability. Still, residential buildings with capability to export heat are bound to 

become a common research topic as sustainability in heating grids continues to 

evolve. 

1.1.2. Thermoeconomic performance of hybrid consumers  

Without an economic perspective, the costs of constructing nZEBs may outweigh 

the benefits, so the measures that are set in place to reduce the energy use in buildings 

are at risk of being ineffective. Therefore, in addition to the energetic and exergetic 

performance of prosumers, it is crucial to determine which energy strategies lead to 

profitable monetary investments.  

Strategies that allow reaching low-energy demand by cost-optimal solutions are 

being thoroughly investigated as several researchers have analyzed the performance 

of energy systems and/or saving measures in nZEBs from a techno-economical point 

of view. Marszal and Heiselberg (2011) studied the lifecycle cost of photovoltaic 

(PV) systems with different options for heat supply in a Danish net zero-energy 

building. They found that while PV in combination with a HP is the cost-optimal 
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combination, PV in combination with a solar HP is the most energy efficient. Evins 

(2015) developed a multi-level optimization process for building design that 

contemplates several alternatives for onsite renewable energy systems. The author 

addresses the need to consider the operational behaviour of each component in order 

to balance the energy sources. In a different study, Hamdy et al. (2013) introduced a 

multi-objective optimization method to find cost-and-energy-optimal performance 

levels in nZEBs and applied the method to a single-family house in Finland. They 

conclude that cost-optimal solutions that have low energy consumption levels can be 

found, particularly through the use of environmentally-friendly heating systems such 

as ground-source heat pumps (GSHPs). Moreover, Hirvonen et al. (2016) focused on 

Finnish single-family buildings too and studied the economic potential of photovoltaic 

systems linked to different options for heat generation and/or supply. They propose a 

calculation method for the levelized cost of energy (LCOE) that takes into account the 

market price of electricity and the variability of PV generation. With this method, 

energy matching and its influence on cost-optimality can be assessed.  

Parallel to this, there is growing interest in the role of district heating (DH) systems 

on the road towards sustainability. In 2010, Lund et al. analysed how the energy 

system in Denmark could be converted to 100 % renewable energy sources. Their 

conclusion was to supply up to 70 % of the buildings with DH and use individual HP 

for the rest, thus making district heating the main source of heat for the built 

environment. Four years later, Lund et al. proposed the way the DH should be 

developed to reach the aforementioned goals, and defined the concept of 4th 

Generation District Heating (Lund et al., 2014). One of the key aspects of the 4th 

generation is the evolution of current heating grids into smart thermal grids that allow 

contributions from individual buildings, an assertion supported by Paiho and Reda 

(2016) in their discussion of the transformation of DH in Finland. This does not come 

without a challenge, as the interaction between the grid and buildings is affected by 

temperature levels. To address this, it is necessary to apply tools that consider the 

exergy levels of the heat transfer processes in the built environment, such as the one 

developed by Kilkiş (2011).  

Yet, energy quality management is not the only key aspect of the transition to 

smart thermal grids. Another important task is to quantify the contribution of 

decentralized heat supply to the smart thermal grid. The aforementioned study by 
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Brange et al. (2016) addressed this by studying the potential of heat and electricity 

prosumers in one area in Malmö, Sweden. By exporting excess heat from cooling 

processes, prosumers could cover around 50 % of the annual heat demand in the area, 

yet the environmental outcome is strongly dependent on the emissions of the 

electricity applied. Further, they identified seasonal behaviours as a possible nuance 

to the usability of excess heat. Even though challenges arise, such as the need for 

seasonal storage, this study shows that heat prosumers could become protagonists in 

the future energy systems. One aspect that needs to be addressed is the economic 

potential. The cost assessment of bidirectional heat exchange with smart thermal grids 

is fundamental to ensure that such systems are viable options. Nielsen and Möller 

(2012) analysed how integrating excess heat from solar thermal (ST) collectors in net 

zero-energy buildings (NZEB) as well as collective centralized ST collectors may 

help to decrease fuel combustion in DH systems. Zanghirella et al. (2016) presented 

an economic analysis of export of heat surplus from ST collectors to a DH system 

based on net metering. The results indicated that such agreement is always convenient 

for the user but always detrimental for the utility. A common finding in these studies 

has been that heat prosumers offer potential benefits, whether by contributing to 

decentralize generation, by reducing the need to combust fuels, by lowering 

emissions, or by improving cost-optimality. 

The previous review of literature indicates some opportunities for further exploring 

the thermoeconomic performance of heat and electricity prosumers. To the best 

knowledge of the authors, no dynamic studies using exergy-based economic methods 

have included bidirectional heat exchange with a heating grid. This has lately gained 

relevance as existing and upcoming construction projects in Finland allow the 

consumer to export and import heat to and from the heating grid (Espoo, 2014). The 

studies by Brange et al. (2016) and Nielsen and Möller (2012) do not include 

economic nor exergetic analysis, and the study by Zanghirella et al. (2016) is based on 

net metering, which is an optimistic scenario that might not be adopted in many 

systems. Moreover, the aforementioned studies considered export of surplus or 

residual heat, yet none studied the possibility of using surplus electricity to generate 

heat and export that to the DH grid. Thus, the topic of the exergy-based economic 

potential of nZEBs with interconnectivity to hybrid energy grids could benefit from 

further investigation.  



12 
 

1.1.3. Multiobjective optimization in the built environment  

The road towards a sustainable built-environment faces several challenges, such as 

reaching a desirable energy performance or emission levels while remaining 

economically attractive. This challenge has ignited a generous amount of work among 

the research community from a vast variety of approaches. Several studies have 

focused on elements that link two or more energy forms in the energy system of a 

building, and on the roles and underlying interrelations between these components. 

Cao (2016) compared the impact of H2 and electric vehicles on the energetic and 

environmental performance of a zero-energy building, aiming to improve energy 

matching and reduce stress on the grid. Allison et al. (2017) studied off-peak HP load 

shifting based on predictions of heating requirement; while thermal comfort was 

achieved, HP performance was deteriorated. Similarly, Carvalho er al. (2015) studied 

the use of HPs as a flexible load to improve the balance between energy supply and 

demand in a building. They emphasize that significant cost savings and higher use of 

fluctuating renewable energy can be achieved. Regarding economic aspects, studies 

like that by McKenna et al. (2017) indicate that the scale effects are significant in 

achieving economic optimums, while the one by Calise et al. (2017) emphasizes the 

role of electricity supply contracts. In spite of the amount of work done there is still a 

need to improve our understanding of hybrid energy systems, to reach economic-

optimality, and overall to harmonize the operation of all the components in the energy 

systems of the built environment.  

Part of the complexity of this challenge comes from having to compromise 

between performance and cost-optimality. While it seems straightforward that a lower 

energy demand leads to monetary savings (e.g. lower electricity bills) and reduced 

emissions, this should not be taken as a conclusive paradigm. Reaching a lower 

energy demand without detriment to comfort may require higher investments, which 

might overshadow the subsequent monetary savings. Thus, finding solutions that give 

satisfactory results for performance and cost-optimality involves addressing these 

goals simultaneously. Multiobjective optimization allows for identifying the most 

favourable solutions when there are two or more evaluation criteria (Rao, 2009) and it 

has been widely used as a research tool for sustainability in the built-environment. 

Mohamed et al. (2015) investigated the performance of multigeneration and 

conventional heating and cooling systems in an office building in Helsinki. They 
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compared the results of two multiobjective optimizations: one with Lifecycle Costs 

(LCC) and Primary Energy (PE) consumption and one with LCC and equivalent CO2 

emissions. A system comprising a GSHP and ground cooling arose as the global cost-

optimal system, while providing improvements in PE consumption and equivalent 

CO2 emissions compared to a reference case. GSHP also proved to be the optimal 

heat source in the study by Hamdy et al. (2013), who conducted a multiobjective 

optimization for LCC and PE in Finland, though they focused on a single-family 

house. Lu et al. (2014) did a multiobjective optimization for office building clusters 

and districts in Norway. With global warming potential and exergy performance as 

optimization objectives, their solutions suggest using CHP and wind turbines (WT) 

for electricity generation and HPs and waste heat utilization for heat supply. These 

examples show the capability to employ multiobjective optimization as a tool to 

improve performance in the built-environment, and underline its effectiveness to 

operate and find adequate solutions for different criteria. 

1.2. Objectives and research questions  

The main concept under investigation in this study is the use of surplus electricity 

to drive HPs and export the heat, instead of directly exporting the surplus electricity to 

the grid. Thus, the objective is to study the potential of this strategy to improve the 

energy balance and reduce the operational CO2 emissions in the built environment 

while maintaining energy quality; moreover, its economic performance is evaluated, 

and the optimal configurations of such energy systems are presented under two 

different energetic, economic, and climatic contexts. 

Paper I aims to answer the research question “How can heat export from a GSHP 

driven with surplus electricity improve the energetic, exergetic and environmental 

performance of a nearly-zero energy single family building?” by assessing the energy 

and exergy performance of different system topologies including several generation 

components, on-site storage and bidirectional exchange capacity with heating and 

electrical grids, based on the model of an existing residential nZEB. 

Paper II aims to answer the research question “What is the economic performance 

of an energy system in a nearly-zero energy single family building comprising heat 

export from a GSHP driven with surplus electricity?” by conducting an energy- and 

exergy-based economic analysis of an existing nZEB. It investigates a set of 
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economic performance indicators for a group of energy topology options with 

different strategies to export surplus energy to the electrical and heating grids. The 

paper also compares the behaviour of the economic indicators with that of the energy 

and exergy balances. 

Paper III aims to answer the research question “How do the optimal solutions of an 

energy system comprising heat export from a GSHP driven with surplus electricity 

compare to other energy systems in a nearly-zero energy single family building?” by 

proposing several energy generation and conversion components, arranging them in a 

simulation model, and applying a multiobjective optimization tool to identify the 

Pareto front; i.e. the system configurations that give the optimal solutions for LCC, 

exergetic performance and operational CO2 emissions. 

Paper IV aims to answer the research question “How are solutions comprising heat 

export driven with surplus electricity in nearly-zero energy single family buildings 

transferable to a different energetic, economic and climatic context?” by applying the 

multiobjective optimization process under the context of the Netherlands, and 

analyzing the similarities and contrasts between these results and those obtained for 

Finland. 

1.3. Novelty of the research 

The novelty of this dissertation relies on investigating heat and electricity 

prosumers in single-family buildings in terms of their cost-effectiveness, 

environmental performance, and energy quality. Namely, the dissertation studies 

whether the feature of heat export driven with surplus electricity in residential 

buildings has significant potential to improve sustainability in the built environment. 

It first presents the potential of the heat export strategy to improve the energy, 

emissions and PE balances, which nevertheless involves a reduction of the exergy 

content. Next, the dissertation studies the cost-effectiveness of the heat export strategy 

by means of economic indicators, namely the simple payback period, internal rate of 

return and levelized cost of electricity and heat. Then the optimal energy system 

configurations, based on lifecycle costs, operational CO2 emissions and exergy, are 

found by means of a genetic algorithm for multiobjective optimization. The optimal 

solutions, which include onsite energy generation, conversion and storage, and 

bidirectional heat and/or electricity exchange, are first presented for Finland. Finally, 
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the optimization is repeated within the Dutch context; the similarities and contrasts 

given two different economical, meteorological and energetic contexts are identified 

by comparing the results in Finland and the Netherlands. 

1.4. Structure of the dissertation 

The research questions, as the articles, follow a linear sequence: the answer to the 

first research question sets the base to define and answer the second research question, 

and so on. Accordingly, the structure of the dissertation is linear, with each section 

providing the corresponding part for all four research questions. The background and 

previous work pertinent to each research questions, as well as the research questions, 

have been presented in this first section. The second section presents the theoretical 

foundation or methodology followed to address research question, while the third 

section presents the respective obtained results and discussions. Finally, the fourth 

section discusses the practical implications, reliability and validity of the results, and 

recommendations for future research. 
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2. Research methods  

2.1. Energetic, exergetic and environmental performance  

To evaluate the system’s performance, two sets of indicators with different scopes 

were established. The first and most straightforward were the net energy and net 

exergy exchanges. To address the EPBD and EU long-term goals, a second group of 

indicators, including PE consumption and CO2 emissions, is included. This indicators 

will be calculated for i) real operation of an existing building, ii) a simulation model 

of the same building and iii) a set of case studies with different energy exchange and 

conversion capabilities. For easiness of reading, in this text the term energy refers to 

site energy unless stated otherwise (e.g. primary energy). The term quality factor 

(QF) that is used throughout this document refers to the ratio between exergy and 

energy. 

2.1.1. Energy analysis 

The energy demand is calculated with a multi-zone building model – along with 

the energy generation, conversion and storage components. The weather data is on a 

time resolution of one hour and corresponds to the year 2014, as measured data from 

the location of the building was available for this year: the outdoor temperature and 

solar radiation were measured on-site whereas the rest of the weather data consists of 

values measured by the Finnish Meteorological Institute (FMI). The contribution from 

occupants is calculated based on the National Building Code of Finland (NBCF), with 

125 W and 62.5 W per adult and per child respectively. The internal gains originated 

by lighting and domestic appliances are based on the measured data. The generated 

surplus from the PV panels can be directly exported to the electrical grid or used to 

generate heat and export it. In the former case the inverter losses must be accounted 

for, but no further considerations are required. The conversion of electricity into heat 

is done by the virtual components to be described in the homonymous subsection. 

Figure 2.1 shows the boundary defined for the energy analysis of Villa ISOVER, 

the studied building, as well as its energy topology. For the purpose of the energy 

calculations, all of the on-site generation and conversion components are within the 

system boundary. 
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The net electric energy exchange and net heat exchange with the grids –  and 

 respectively – are calculated as  

 (1) 

 (2) 

where  and  are the imported electric and heating power respectively, 

 and  are the exported electricity surplus in the form of electricity 

and heat respectively, and  is the exported heat surplus from the solar thermal 

(ST) collectors.  represents the output from the components that convert 

surplus electricity into heat. While there is no export of heat in the existing topology, 

it has been included in the equations for the case studies proposed later in this study. 

The net energy exchange , which amounts the electricity and heat exchange with 

the grids, is calculated as  

 (3) 

which illustrates how close the building is to reach a net zero-energy exchange with 

the hybrid grid. 

 

Figure 2.1 – The energy topology and system boundary in Villa ISOVER. 
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The efficiency of each component is not being investigated, but rather how each 
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described by Torío and Schmidt (2010). That is, the first transformation of solar 

irradiation into other forms of energy does not happen within the system boundaries: 

using this approach, the output from PV panels and ST collectors is taken as PE. The 

conversion of electricity into heat takes place within the system boundary. Following 

the recommendation of Torío and Schmidt (2011), the surrounding outdoor air has 

been established as a reference. The fluctuation of the outdoor air temperature is 

detrimental to the clarity of the results from the exergy analysis in this study as it 

causes continuous fluctuations in the magnitude of the calculated exergy, often 

turning positive values into negative and vice versa; thus, a constant value has been 

established for the exergy calculations: 6.7 °C, the average outdoor air temperature 

on-site in 2014. The influence of indoor air exergy is neglected in this study, as indoor 

temperature levels are the same in all the studied cases. As well, the influence of air 

humidity is neglected, since the main exergy exchange processes under investigation 

are in the form of electricity and heat carried by a fluid, not in the form of ventilation 

and/or air conditioning. 

The heat export depends on the temperature of the transport fluids as this determines 

whether the heat transfer process to the heating grid is possible or not. For this 

process, it is assumed that an ideal heat exchanger is connected to the heating grid on 

one side and to the building system on the other side.  

The net electric exergy exchange and net heating exergy exchange –  and  

respectively – are calculated as  

 (4) 

 (5) 

where  and  are the exergy flow in the imported electric and heating 

power respectively,  and  are the exergy flow in the exported 

electricity surplus in the form of electricity and heat respectively, and  is the 

exergy flow in the exported heat surplus from the ST collectors.  thus 

represents the exergy flow of . Since electricity has a QF of 1, the net 

electrical energy and exergy exchanges are equivalent. The net exergy exchange , 

which amounts the electrical and heating exergy exchange with the grids, is calculated 

as 
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 (6) 

which illustrates how close the building is to reaching a net-zero exergy exchange 

with the hybrid grid. The expressions for the exergy of electricity and heat system 

components can be found in Appendix A. 

2.1.3. Net primary energy and CO2 emissions   

The net PE is calculated through weighting factors, , established by the Finnish 

Ministry of the Environment (2011), whereas the factors for the equivalent CO2 

emissions, , are published by Statistics Finland (2015b); both sources are specific 

to Finland. For energy generated on-site by PV panels, heat supplied by ST collectors 

and heat extracted from the ground,  and  are assumed to be zero. Any exported 

energy is assumed to replace energy production by the utilities; thus,  and  for 

exported heat and electricity are assumed to be the same as those for the grids. Table 

2.1 shows the factors used in this study. It can be noticed that electricity has a higher 

PE factor (i.e. more units of PE are required to produce each unit of energy used in 

the building) but lower emissions than DH, which might seem unexpected. This is a 

consequence of the energy contribution in Finland from nuclear power, which 

provides nearly 30 % of the country’s electricity (http://www.world-

nuclear.org/information-library/country-profiles/countries-a-f/finland.aspx): as 

indicated in the European Standard CEN 15603:2008, electricity from nuclear power 

plants has a PE factor of 2.80, and an equivalent emission coefficient of 16 gr/kWh. 

The validity of the factors used in Finland is beyond the scope of this study and, given 

their sources, they are considered to be valid for the purposes of this publication. The 

net PE and CO2 emissions are calculated as  

 (7) 

 (8) 

where  is the net PE replaced (positive values) or consumed (negative values), and 

 are the emissions replaced (positive values) or generated (negative values). The 

authors wish to emphasize that the time-scale of the analysis is one year – this is not 

the lifecycle of the system. The PE consumption and emissions derived from the 



21 
 

manufacturing, transport, or disposal of the system components are beyond the scope 

of this study. 

Table 2.1 – Factors used for the calculation of net primary energy and CO2 

emissions. 

Factor District 
Heating Electricity 

 [-] 0.7 1.7 

 [gr CO2/kWh] 235 167 

2.1.4. Building description and case studies  

An overall description of the building  

Villa ISOVER is a joint project between ISOVER® and FORTUM®, conducted to 

test the performance of a single-family zero energy house and its interaction with the 

electrical grid. The two-story building is located in Hyvinkää, southern Finland, and is 

inhabited by a family of four. Its energy system integrates PV panels, ST collectors, a 

GSHP and an AHU; it has no connection to an external heating network as the GSHP 

and ST collectors fulfil the heat demand. A monitoring system keeps track of several 

heat and electricity measurements, such as PV generation, electricity exchange with 

the grid or heat generation by the solar collectors and GSHP. Further, solar radiation, 

and indoor and outdoor temperatures are monitored. Further information and 

visualizations of the building are available online 

(http://www.isover.fi/referenssit/nollaenergiatalo-villa-isover [in Finnish]). 

Location and weather 

Hyvinkää is located in Uusimaa, the southernmost region of Finland. The site has 

subarctic climate under the Köppen-Geiger climate classification system, which is a 

climate characterised by brief, cool summers and long winters with low temperatures 

and clear skies (Pidwirmy, 2012). Solar radiation on a horizontal surface roughly 

corresponds to 1000 kWh/(m2·a) (Faninger-Lund, 2002). The measured average 

outdoor temperature during the year was 6.7 °C; the total annual heating degree days 

in Helsinki (just as is the case for the whole of Uusimaa) were 3464 (Finnish 

Meteorological Institute, 2015). 
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Building parameters 

The NBCF establishes binding technical regulations and instructions concerning 

ventilation, airtightness, indoor temperatures and heat transfer coefficients, among 

other parameter requirements: Villa ISOVER fulfils the required conditions, 

ultimately satisfying the building’s total energy consumption limit for new buildings 

established in the decree D3 (Finnish Ministry of Environment, 2011). Table 2.2 

compiles some key building features, and indicates whether the value of each feature 

is based on the building plan, based on the NBCF, taken from nominal values by 

equipment manufacturers, or measured in the inhabited building. Measured values 

correspond to the year 2014.  

The measured DHW heat demand is atypically low for a single-family house, 

compared to the estimated value of 35 kWh/(m2·a) given by the NBCF (Finnish 

Ministry of Environment, 2011). No signs of malfunctioning were present in the 

instrumentation, so it is assumed that the inhabitants have low demand for DHW. 

The monitoring system in the building records the electricity demand, generation 

and export, which indicates the total electricity consumption destined for non-thermal 

purposes (e.g. for domestic appliances and lighting), allowing for an estimate of their 

portion of the internal gains. The combined gains from lighting and domestic 

appliances obtained from the electricity consumption give an average value of 2.2 

W/m2, which is in line with the 2.6 W/m2 suggested for internal heat load 

calculations in the NBCF. 
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Table 2.2 – Villa ISOVER’s features. 

Feature Units Value Type of value 
U-values Walls  0.09* 

Planned 
 Roof  0.06 

 Floor  0.09 

 Windows  0.76 

Dimensions Net area  175 
Planned 

 Air volume  507 

Ventilation Air exchange rate  0.4 Based on 
NBCF 

 Heat recovery 
efficiency % 76* Nominal 

Airtightness Air leakage rate  0.4 Measured 

Energy demand Heating demand  50.1 

Measured  DHW demand  7.7* 

 Electricity demanda  52.8 
Existing generation 
systems and the hot 

water storage tank 
(HWST) 

Flat-plate collector 
area  6 

Nominal 
CIS PV peak power  9.36 

 GSHP rated output  6.3 

 GSHP rated COP - 4.51* 

 HWST volume  750 
a: Including electricity demand from appliances and lighting, as well as heating and ventilation 
components. 
*: These values are later adjusted during the calibration process. See Base model and calibration. 

 

Building energy services and instrumentation 

The building’s space heating and DHW needs are covered by the GSHP and ST 

collectors. A 128 m borehole heat exchanger is connected to a NIBETM F1145-6 

GSHP. The flat-plate ST collectors NIBETM FP 215 have a total area of 6 . Both 

systems feed a NIBETM VPAS 300/450 accumulator hot water storage tank (HWST), 

primarily designed to be connected to a HP and ST collectors. It is a tank-in-tank 

component, with an inner 300 litre reservoir intended for DHW, and an outer 450 litre 

reservoir for space heating needs. A schematic representation of the system is shown 

in Figure 2.1. The system is controlled by the GSHP: the circulation pump to the ST 

collectors is started when the temperature difference between the collectors and the 

bottom of the HWST reaches 8 °C and stops when it falls under 4 °C; if solar energy 

is not available or it is insufficient to cover the heat demand, the GSHP starts 



24 
 

operating. An Enervent Pandion ventilation unit covers the ventilation needs. There 

are no cooling systems in the building. 

On-site electricity generation is available through 72 CIS solar modules 

PowerMax® STRONG, with a nominal power of 130 Wp each, covering a total area 

of 79 m2 (each panel having an area of 1.09 m2). The PV panels and the solar 

collectors are at a 25° tilt angle, facing south. There is no electricity storage system in 

the building.  

The electricity demand in Villa ISOVER is covered by the PV system and energy 

imported from the grid. The PV generation is supplied to cover all the electrical 

demands of the household, including the GSHP. In this study, electricity surplus is the 

on-site generated electrical energy remaining after the entire electricity demand has 

been covered. Any electricity surplus is directly fed into the grid. 

Virtual components 

System configurations are proposed in order to assess the performance of the 

building under different scenarios. They are based on variations of the building 

energy services, and may include components which do not exist in the building. 

These components (hereafter described as virtual) allow the simulation of different 

energy generation and exchange profiles. 

For the conversion of electricity into heat, two virtual components are considered. 

One consists of a tankless electric water heater, which could input the excess 

electricity as heat into a heating grid with 100 % conversion efficiency. A second 

approach consists of the use of a hypothetical air-source heat pump (ASHP) with a 

constant COP of 2. An outlet temperature of 60 °C is set based on specifications of 

commercially available products by the same manufacturer as the GSHP. The 

NIBETM F2030 and F2040 offer outlet temperatures of 58 and 65 °C, respectively; an 

intermediate value was chosen.    

 Energy sinks are required for the export of the surplus generated energy. In the case 

of heat, it is necessary to characterise the temperatures and dynamic behaviour of the 

energy sink in order to calculate whether exporting is possible and, if so, the exergy of 

heat that could theoretically be exported. Furthermore, the QF of imported heat will 

also affect the exergy balance of the system. Two heating grids have been designed 
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for this purpose, each with a supply and a return pipeline. The supply temperature grid 

in both grids is sufficient for the preparation of DHW, and to prevent legionella 

growth. One grid represents the conventional heating grid in Finland while the other 

represents a low-temperature DH grid. This will allow comparison of the potential for 

exergy exchange of the building between two grids at different exergy levels. 

Moreover, low-temperature DH grids, among other benefits, facilitate the inclusion of 

low-temperature energy sources such as geothermal plants, HPs and residual or excess 

process heat (Lund et al., 2014; Energy Development and Demonstration Program, 

2014). Thus, a low-temperature DH grid could allow more heat export from the ST 

collectors and virtual HP than a conventional heating grid. The dynamic behaviour of 

the temperature for both options is modelled as one sinusoidal cycle in the simulated 

year, reaching the maximum and minimum temperatures in the middle of winter and 

summer respectively, as shown in Table 2.3. The feed-in principle for export from the 

ST and the hypothetical HP is based on feed-in return → return, where water is taken 

from the return line of the heating grid, heated up and reinjected into the same return 

line, as described by Schubert (2012) .   

Table 2.3 – District heating temperature ranges, in °C (Finnish Energy Industries, 

2007; Energy Development and Demonstration Program, 2014). 

 Supply Return 

 Maximum Minimum Maximum Minimum 

Conventional grid 115 65 50 25 

Low-temperature grid 70 50 40 25 
 

From here on, the heat transport fluid on the virtual heating grid will be referred to 

as the primary fluid and the heat transport fluid on the building side as the secondary 

fluid. In all cases, the temperature of the primary fluid is considered to remain 

unaffected by the heat transfer process. Furthermore, if the temperature of the 

secondary fluid is not at least 5 °C higher than the temperature of the primary fluid, 

the heat export cannot take place. In the case of heat export by the ST collector, a 

minimum return temperature of 55 °C is set; this temperature ensures that the heat 

export does not lead to an energy deficit in the HWST. 

Case studies 

Three sets of energy topologies with different energy conversion and exchange 
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capabilities have been designed in order to compare their performance: Case 1-PV, 

Case 2-PV and Case 3-PV. Each case is modelled with growing PV – in steps of 1.04 

kWp (i.e. the capacity of eight panels) from 9.36 kWp (79 m2) to 16.65 kWp (140 m2) 

– and includes two subcases (e.g. Case 1-PV-El & Case 1-PV-Q). In Subcase El, the 

electricity surplus is directly fed into the electrical grid without prior conversion. In 

Subcase Q, the electricity surplus is either converted to heat or used to drive a HP 

(depending on the energy topology), and the heat is fed into the heating grid. The 

need for an additional HP arises since running the GSHP during summer, when most 

of the surplus energy generation takes place, would reduce the ground temperature 

and this would lead to a severe drop in the COP of the GSHP. Table 2.4 summarises 

the main features in each case study.  

In Case 1-PV two options are analysed regarding the export of the surplus electricity 

as it can be directly fed into the electrical grid (Subcase El) or converted to heat and 

fed into a heat sink by means of a virtual direct electric heater (EH) (Subcase Q). It is 

assumed that this component would be able to reach the temperature of any line in the 

heating grids. Figure 2.2 shows the energy topology of Case 1-PV. 

In Case 2-PV, the GSHP is not operated; the heat demand of the building is covered 

by the ST collectors and with heat imported from the virtual DH grids described 

earlier. The ST collectors have the option to export heat to the heating grid. Further, 

the surplus electricity can be directly fed into the electrical grid (Subcase El) or 

converted to heat and fed into the heating grids by means of the virtual HP (Subcase 

Q). The decision to not let the virtual HP feed heat to the building is based on the 

reasoning that the virtual HP is assumed to be operated exclusively with surplus 

energy generated by the PV system, which indicates that there is an abundance of 

solar radiation. Thus, the ST collector would probably be operating too and having 

both the virtual HP and the ST collector feed the HWST would be detrimental to the 

operation of the ST collector. Figure 2.3 shows the energy topology of Case 2-PV.  

In Case 3-PV, the heat demand of the building is covered by the ST collectors and 

by the GSHP. The ST collectors can export heat to the heating grid. Additionally, 

Subcases El and Q are implemented as described for Case 2-PV. Figure 2.4 shows the 

energy topology of Case 3-PV. 
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Figure 2.2 – The energy topology of Case 1-PV. 

 

Figure 2.3 – The energy topology of Case 2-PV. 

 

Figure 2.4 – The energy topology of Case 3-PV. 
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Table 2.4 – The main features of the case studies. 

Case PV cap. 
[kWp] 

ST 
cap. 
[m2] 

GS 
HP 

Sub-
case 

Export 
to elec. 

grid 

Connection to the district heating grid 

Export of 
surplus 

heat from 
ST system 

Heat 
import 
from 

virtual 
grid 

Export 
via 

virtual 
EH 

Export 
via 

virtual 
HP 

1-PV 

9.4/10.4/ 
11.4/ 
12.5/ 

13.5/14.6/ 
15.6/16.6 

6  

El  - - - - 

Q - - -  - 

          

2-PV 

9.4/10.4/ 
11.4/ 
12.5/ 

13.5/14.6/ 
15.6/16.6 

6 - 

El    - - 

Q -   -  

          

3-PV 

9.4/10.4/ 
11.4/ 
12.5/ 

13.5/14.6/ 
15.6/16.6 

6  

El   - - - 

Q -  - -  

2.1.5. Simulation model  

The simulations are conducted on TRNSYS 17, a commercial energy simulation 

software package intended for the calculation of transient systems, with the help of 

tools and add-ons such as TRNSYS3D, TRNBuild and TRNFlow. The building itself 

was represented as a multi-zone building with Type 56, which allows a detailed 

representation of the wall structures, windows, air tightness and other features of the 

building. The internal gains from occupants are calculated for two adults and two 

children based on (Finnish Ministry of Environment, 2011), while the gains from 

appliances and lighting are based on measured electricity demand data from the 

existing building. All the model components were either taken from the standard 

library or modelled for this study, with the exception of Type 534 – the HWST – 

which was taken from the TESS Storage Tank Library. Type 534 allows 

implementing several flow inputs and outputs as well as several heat exchangers, 

which are necessary in several of the studied system configurations. The time-step for 

the simulation is 0.25 hrs. The measured generation and demand, as well as the 

weather data, are in a time resolution of one hour; a shorter time-step is used in the 

simulation to favour convergence and stability in the models. 
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2.1.6. The performance of the existing topology 

Figure 2.5 shows the measured demand and supply of energy and the calculated 

demand and supply of exergy in the building for 2014. The label Heat. Sys. refers to 

the electricity consumption of the GSHP and other components of the heating system. 

In the energy balance, the total supply exceeds the demand by approximately 11 %. 

This can be explained by three primary reasons: first, the heat demand from the 

ventilation system has not been measured; second, the heat losses in the HWST are 

not measured; third, there may be measurement errors. Taking this into consideration, 

the energy balance seems fairly correct. Only 1,463 kWh out of the 6,611 kWh 

generated by the PV system were consumed on-site: 5,148 kWh were exported to the 

grid and 7,784 kWh were imported to cover the demand. Thus, the net exchange with 

the electricity grid was a demand of 2,636 kWh, yielding an overall average of 15 

kWh/m2.  

The uncertainty values for the measured data were calculated based on the error of 

the instruments. Based on the rules for error propagation, the uncertainty values are 

±2.3 % and ±1.7 % for electricity supply and demand respectively, and ±1.7 % and 

±1.8 % for heat supply and demand respectively.  

 

Figure 2.5 – The electricity (left), heat (middle) and exergy (right) balances of Villa 

ISOVER based on the measured data. 

Nominal operating temperatures, set-point temperatures and/or estimations have 

been used for the calculation of the exergy balance. Thus, the values in the exergy 

balance are for illustrative purposes and must be taken with caution. The three 

imbalance reasons mentioned for energy apply to the exergy balance as well. The 

results seem reasonable, with quality factors of 0.05 for the floor heating (FH) 
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demand and 0.15 for the DHW demand, which are in agreement with Schmidt (2009). 

Further, it is expected that the exergy supply exceeds the demand as part of the exergy 

is destroyed in the heat transfer and energy conversion processes according to the 

second law of thermodynamics. The net exergy import during the year was also 2636 

kWh, since the entirety of the imported energy was supplied in the form of electricity, 

which has a QF equal to one. The most notable contrast with the energy balance is 

seen with the FH and GSHP, due to their low exergy factors. The building had a net 

PE consumption of 25.6 kWh/m2 and emissions corresponding to 440.2 kg CO2, 

calculated based on the equations and factors given in subsection Net primary energy 

and CO2 emissions. 

Figure 2.6 shows the monthly energy balances for electricity and heat in 2014. It 

can be seen that, although there were large surpluses of electric power in several 

months, electricity had to be bought from the grid throughout the entire year. Further, 

the influence of the GSHP on the demand for electricity is visible and notably higher 

during the cold season. On the other hand, the chart on the right shows that the heat 

demand in the building is covered entirely by on-site generation, though the 

contribution from the ST collectors is relatively small.  

 

Figure 2.6 – The monthly electricity (left) and heat (right) balances for Villa ISOVER 

in 2014. 

According to the net energy and exergy exchanges in 2014, neither the zero-energy 

nor zero-exergy levels were reached but the building is not far from reaching these 

goals. To do so, two main approaches could be suggested: to further reduce the energy 

and exergy consumption or to enhance the energy and exergy generation. The area of 

interest of this study is in the latter, as the authors’ aim is to explore energy 
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conversion and exchange. The generation systems have the potential to further reduce 

the net energy and net exergy imports by a) allowing the export of surplus heat from 

the solar collectors, and b) enhancing the export of surplus energy from the PV 

system. Concerning the surplus energy from the PV systems, using electricity to 

generate heat could potentially increase the energy export, but this may involve 

significant exergy destruction. Thus, attention must be paid to the results obtained for 

both balances as improving one may compromise the other.  

2.1.7. Base case of building and calibration 

A model with the same system topology and generation capacity as the one in Villa 

ISOVER has been designed based on the planned building features, as shown in Table 

2.2. The energy and exergy balances resulting from this simulation can be seen in 

Figure 2.7. 

When compared to the measured data in Figure 2.5, it can be seen that the value for 

FH demand is notably smaller in the simulation. Additionally, the power demand 

from the GSHP is significantly smaller than the measured data. In order to have 

simulation results closer to the measured data, the U-value of the external walls was 

increased from 0.09 to 0.17 – the value defined in regulation D3 of the NBCF, the 

heat recovery efficiency of the ventilation system was lowered from 76 % to 70 %, 

the COP of the GSHP was set as 3.36 – the average COP during 2014 in the measured 

data, and the set-point temperature was raised from 21 °C to 22 °C. 

 

Figure 2.7 – The electricity (left), heat (middle) and exergy (right) balances of a 

simulation model with building features modelled according to planned or nominal 

values. 
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Figure 2.8 shows the energy and exergy balances obtained from the calibrated 

simulation. The results are in closer agreement with the measured data. The reader 

should remember that the measured value of heat demand for DHW was atypically 

low. Detailed hourly and monthly DHW demand profiles for households in Finland 

are presented by Ahmed et al. (2016); nevertheless, part of the aim of this study is to 

mimic Villa ISOVER’s energy demands in 2014, so measured data is given priority 

over derived or tabulated profiles.  Thus, the measured hot water consumption in litres 

was used instead in the simulation model, which yielded a heat demand value closer 

to the one given in the NBCF. Furthermore, the measured data encompasses all the 

seasons throughout the year and thus covers building behaviour under usual 

meteorological conditions in Finland. Based on these results, the model is considered 

to be a satisfactory representation of the building for the purposes of this study. 

 

Figure 2.8 – The electricity (left), heat (middle) and exergy (right) balances of the 

simulation model after calibration. 

2.2. Economic performance  

The evaluation of the economic performance is based on a similar method as the 

energetic, exergetic and environmental performance. It relies on simulation models to 

obtain the building energy exchange which is used to calculate a set of economic 

indicators. This section presents the models, the required economic information and 

the equations used. 

2.2.1. Simulation model for economic performance 

For the economic calculations, the building and energy topology variations were 

modelled separately in TRNSYS 17. The building model is the same as in the 

previous section and calculates the heat demand throughout one year, which is then 
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used as input for the models that represent the energy topologies. The energy topology 

model, unlike the building model, runs simulation periods of 25 years, as degradation 

of the PV and ST systems is accounted for. For these simulations, which are meant for 

investigating the long-term performance of the system, the test reference 

meteorological data TRY2012 (Kalamees, 2012) for southern Finland was used as it 

was considered a suitable representation of the weather in this location for the desired 

simulation period of 25 years. 

2.2.2. Costs of components and energy 

Generation and conversion components 

The system components are split into two groups. This allows the separate 

calculation of the economic indicators for the electricity and heat systems. One group 

consists of the PV system and the components that convert surplus electricity into 

heat for exporting (namely the EH and HP), and the other group consists of the ST 

system and other sources of heat for on-site consumption (namely the GSHP and the 

connection to DH). For all systems at least one price was obtained from retailers; if 

the price for a particular system size was not available, the price per capacity in €/kW 

of the closest system size was used. For precise costs and detailed information, please 

refer to Appendix B. The salvage value of the HPs is taken into account in the 

calculation. It is assumed to start as the replacement cost of the component and end as 

zero, decreasing linearly during the system lifespan. Expenses other than the 

component prices have been considered as follows: 

 Installation costs vary depending on the system and its size. For the GSHP they 

include the borehole and piping, while for the EH and HP they include the connection 

to the thermal grid. A 45 % tax deduction is included in the installation of the PV 

system. 

 Operation and maintenance costs are calculated annually as 1 % and 1.5 % of 

the initial investment for PV systems and HPs respectively. For the ST system, a 

maintenance service is considered every 10 years, based on. 

 Replacement costs are considered every 12 and 20 years for the inverter and 

HPs respectively. 

 The cost of connecting to the grid is included in the cases where heat is 

exported. 
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Energy prices, escalation rates and interest 

The price profiles for electricity and heat in this study follow different approaches 

that aim to imitate their behaviour in the market. The prices of electricity in Finland 

and eight other countries depend on Nord Pool, an intraday and day-ahead 

international energy market (Nord Pool, 2017). The prices vary each hour, depending 

on supply and demand. Furthermore, currently there is no well-defined trend in the 

average annual prices, as can be seen in Figure . Thus, dynamic profiles for hourly 

electricity market price have been created based on four years of data (from 2012 to 

2015). The four-year profile is then repeated in a cyclic manner, under the effect of a 

price escalation rate. In addition to the market price, the retail price of electricity in 

Finland includes an energy tax (including VAT) and a transmission fee of 2.793 and 

3.98 cent/kWh in 2015 respectively. The price of heat from the heating grid is less 

dynamic as it is defined on a seasonal basis. Therefore, for the heat price profile the 

price is assumed to remain constant during each year. The price at the beginning of 

2016, 9.46 cent/kWh, has been taken as the starting price, and an annual escalation 

rate is thereon applied. Like the electricity prices, heating prices in Finland consist of 

several components. On average, the price for heat for single-family buildings is 

composed as follows: 24 % base price, 48 % energy price, 9 % energy tax and 19 % 

value added tax. As for price differences between conventional or low-temperature 

grids, the prices are assumed to be the same.  

The price escalation rates of electricity and heating have been calculated based on 

the price development from 2000 to 2015, based on the electricity retail price and the 

average DH prices in Finland. The behaviour of heat prices has been steadier, having 

increased from 3.8 cent/kWh in 2000 to 8.4 cent/kWh in 2015. The trend lines shown 

in Figure  help to visualize the price escalation rates, which resemble the development 

of the prices. The price escalation rates of 4 % and 5 % have been calculated for 

electricity and heat respectively based on these trends. A real interest rate of 3 % is 

used.  

Regarding the income from exported energy, in Finland the electricity exported to 

the electrical grid is paid at the spot market price minus a commission fee of 0.24 

cent/kWh. There are no historical references for the pricing of heat exported to a 

heating grid. A similar approach to the pricing of exported electricity is assumed: the 

compensation consists of the fraction of the total heat price that corresponds to the 
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energy, 48 %, minus a commission fee assumed to be 10 % of said fraction. In total, 

the heat exported to the heating grid is assumed to be paid for at 43 % of the retail 

price. It is assumed that operation and maintenance costs of the grid that may derive 

from the heat export are covered by the grid operator through the commission fee and 

through the income from the exported energy. 

 

Figure 2.9 – The historic annual average prices of heat and electricity in Finland and 

their trends. 

2.2.3. Economic indicators 

A set of three indicators has been used to evaluate the economic performance of the 

proposed systems. The simple payback period (SPP) has known limitations, yet it 

provides a straightforward quantity that is easy to understand. Moreover, it is 

independent of inflation and escalation rates. The LCOE provides an indication of the 

present monetary value of the generated energy. Finally, the internal rate of return 

(IRR) is the discount rate at which the net present value (NPV) of the investment is 

zero. Comparing the IRR with the interest rate helps to determine whether the 

investment can increase the value of the invested money at a similar rate to 

depreciation: the higher the IRR compared to the interest rate, the more attractive the 

investment. 

SPP is calculated as the quotient between the investment and the annual net income. 

In cases where a system component needs replacement, the cost is taken as half of its 

present price. This allows the inclusion of these expenses without introducing an 

interest rate. Thus, SPP is calculated as  
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where E represents energy, p represents prices, I represents investments and C 

represents costs. For a detailed description of the terms, please refer to the 

Nomenclature. The term  includes the price of components and their installation. 

For all cases, this includes the price of the PV and ST systems and their installation. 

The expenses that are specific for each case are as follows: 

- Case 1 includes the cost of the GSHP, the drilling of the borehole, piping and the 

salvage value of the GSHP. In addition, Q subcases include the cost of the virtual EH 

and its connection to the heating grid. 

- Case 2 includes the cost of connection to the heating grid and export by the ST 

collectors. In addition, Q subcases include the cost of the virtual HP, its connection to 

the heating grid and its salvage value. 

- Case 3 includes the cost of the GSHP, the drilling of the borehole, piping, the 

salvage value of the GSHP and the cost of connection for export by the ST collectors. 

In addition, Q subcases include the cost of the virtual HP, its connection to the heating 

grid and its salvage value.  

For precise costs, please refer to Appendix B. The LCOE is calculated with 

Equation 11. This equation is based on an improved methodology by Hirvonen et al. 

(2016) that takes into account the savings from self-consumption as well as the 

income from exporting energy in dynamic energy markets. By calculating these cash 

flows for each time step, the influence of energy matching is acknowledged. The 

equations for LCOE is 

 

(10) 

where e represents the price escalation rate, i represents the interest rate, A represents 

cash flow, n represents the calculation year and h represents the calculation hour. 

Note that the income from exported heat generated from surplus electricity is 

accounted for in the equation for the LCOE. Moreover, the equations have been 

expanded to include operation and maintenance (O&M) costs, as well as the cost of 

equipment replacement when required (e.g. inverter). The IRR is calculated iteratively 

as 
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  (11) 

where the cash flow  is the monetary income minus expenses in the nth year, 

calculated as 

 
 (12) 

which includes equipment replacement and salvage values when required. The 

equations for SPP and IRR are based on (Beggs, 2002;  Short et al., 1995). 

2.3. Multiobjective optimization method 

The calculation of the optimal solutions requires the formulation of an optimization 

problem with objective functions and design variables. Moreover, a set of case studies 

is designed; they allow finding optimal solutions with different combinations of 

criteria. This section presents the definition of the problem and the case studies. 

2.3.1. The formulation of the optimization problem 

The problems in each of the case studies are defined as 

  (13) 

where 

 

where  and  are the objective functions to be optimized and the vector x contains 

the design or decision variables. Each decision variable represents either the size or 

capacity of a system component, , whether the ST can 

or cannot export heat, , or the main heat supply component, . In the 

latter, each number represents one of the alternative main heat supply components; 

that is, its numerical value has no meaning per se. The problems are unconstrained.  

Objective functions 

There are three optimization problems in this study and each problem has two 

objective functions chosen among the following options: operational equivalent CO2 

emissions of the system, , its exergy demand, , or its LCC. This subsection 
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presents the mathematical expression used to calculate each of them; the 

implementation of the objective functions in the optimization problem will be 

described in subsection Case Studies.  

Operational equivalent CO2 emissions 

The annual operational equivalent CO2 emissions  in kg CO2eq/(m2 a) are 

calculated as 

 (14) 

where  and  are the total electricity import and export respectively,  

and  are the total heat import and export respectively,  is the total imported 

fuel,  ,  and  are the specific emissions factors for electricity, DH 

and fuel, respectively, and  is the net conditioned area in the building. The energy 

exported by the prosumer is assumed to replace energy production by the utilities, 

therefore  and  are assumed to be the same as those of the energy from 

the electricity and DH grids. Further, the generation from PV, WT and ST is assumed 

to have an operational emission factor of zero. As seen in the previous equation, 

 includes the different energy imports and exports of the system and therefore 

inherently represents the energy balance of the system; thus, energy as such is not 

defined as optimization objective in this study. 

Net exergy 

The annual net exergy  in kWh/(m2 a) is calculated as 

  (15) 

where  and  are the total exergy imported and exported to the electric 

grid respectively,  and  are the total exergy in the form of heat imported 

and exported to the heating grid respectively, and  is the total exergy imported 

in the form of fuel. The annual average outdoor temperature is set as reference 

temperature to calculate the exergy content of heat processes. 
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Lifecycle Costs 

To calculate the LCC of the system its expenses and savings must be calculated 

first. LCC consists of five main components. First, the initial investment  

represents the component prices, installation costs, connection costs, and other 

additional expenses incurred before the system begins operating. As these expenses 

take place in the present time the interest rate has no effect on them. The second 

component is the NPV of the O&M cost of the system components . The third 

component is the NPV of single entry expenses . This includes component 

replacements that take place a single time or once every few years. The fourth 

component is the NPV of expenses from energy exchange . This encompasses 

energy purchases, such as electricity and/or heat import from the grid or purchases of 

energy carriers for the operation of heat generation systems (e.g. pellets or natural gas 

[NG]), energy sales such as electricity and/or heat export and annual service fees. The 

expenses and savings over the lifespan of the system depend on the development of 

the energy prices, as they might increase or decrease during this time. To account for 

the price development a real interest rate  for each energy form or carrier is 

calculated. The fifth and last component of the LCC is the NPV of salvage value 

 of the components that can be sold at the end of the simulated period. It is 

assumed to start at the same value of the component price and decrease linearly 

during the lifespan of the component before ultimately reaching a value of zero, with 

the calculation of its NPV being the same as for . For example, in the tenth year 

a component with a lifespan of 20 years will have a salvage value equal to the NPV of 

half of its retail price. Next, the LCC in €/m2 of the system is calculated as 

  (16) 

where all expenses and incomes for the different system components and energy 

forms are included. Finally, the increment in lifecycle costs ΔLCC is calculated as the 

difference between the LCC of each case and the lifecycle cost of the reference case 

LCCref, which is defined independently for each case study. This approach, as used in 

(Mohamed et al., 2015), focuses only on the changes made to the system, so the 

components that remain unchanged or are not related to the emissions or exergy need 

not be accounted for. 
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Design variables 

The energy system components – which are related to the design variables in this 

study – provide several options for heat and electricity generation, storage and 

exchange. Table 2.5 shows the components, size ranges and features defined as 

variables in the optimization process. This includes PV panels, residential-scale WT, 

ST collectors, a yes/no variable for allowing export of heat by the ST collectors, a 

HWST, and an electric battery. Table 2.6 shows the components and features set as 

options for the main heat supply component. These options are divided into five 

groups, namely (i) a connection to DH, (ii) two sizes of GSHP, 6 and 8 kW, that 

cannot be used to export surplus heat, (iii) two sizes of GSHP, 6 and 8 kW, that can 

be used to export surplus heat, (iv) an internal combustion engine micro-CHP – based 

on (Aki, 2007) – fuelled by NG or biogas (BG), and (v) boilers fuelled by wood 

pellets (WP), NG or BG. One multi-objective optimization is run for each of these 

five groups; this provides more informative results and enhances the performance of 

the optimization algorithm. 

Table 2.5 – Features of the design variables. 

Feature Design 
variable 

Component 
[units] 

Lower 
limit Upper limit Type of 

variable 
Photovoltaic 

panels  PV [kWp] 0 10 Continuous 

Wind turbine  WT [kW] 0 10 Continuous 
Solar thermal 

collectors  ST [m2] 0 10 Continuous 

Hot water storage 
tank  HWST [m3] 0.3 1 Continuous 

Electricity 
storage  Battery [kWh] 0 10 Continuous 

Export by solar 
thermal collectors  ST 

0 
(Not 

allowed) 

1 
(Allowed) 

Discrete 

Heat supply 
system  DH/GSHP/ 

CHP/Boiler 
0 9 Discrete 

 

The ST collectors can export heat when the temperature of the bottom of the tank is 

60 °C or higher and the output temperature of the ST collector is at least 5 °C higher 

than the temperature of the return line of the DH grid. The GSHP can export when 

there is enough surplus electricity from the PV and WT (i.e. the electricity demand is 

fulfilled and the battery is fully charged) to operate the GSHP for at least 5 minutes, 
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the HWST does not require charging, and the temperature of the return line of the DH 

grid is 55 °C or lower. When design variable  has a value of zero (i.e. the 

main heat supply component is DH), heat may be imported from the DH grid; for all 

other cases the purpose of connecting to the DH grid is to export heat from the ST 

collectors and/or GSHP, not to import heat. Moreover, the operational equivalent CO2 

emissions and annual net exergy are calculated based on the net difference between 

imported and exported heat and electricity. 

Table 2.6 – Features of design variable for heat supply system . 

Component Tag  in  
 

Installed 
capacity 

[kW] 
Fuel Feature COP or 

efficiency 

DH 0 - Mix - - 

GSHP 
1 6 Electricity Exporting not 

allowed 3.5 

3 8 Electricity Exporting not 
allowed 3.5 

GSHP 
2 6 Electricity Exporting allowed 3.5 
4 8 Electricity Exporting allowed 3.5 

CHP 
5 2.8Q / 1.0El NG - 63%Q / 22.5%El 
6 2.8Q / 1.0El BG - 63%Q / 22.5%El 

Boiler 
7 6 WP - 90 % 
8 6 NG - 90 % 
9 6 BG - 90 % 

 

2.3.2. Simulation model for the multiobjective optimization 

The model of the energy system is a modified version of the model for energy 

topology described in the previous section. The differences with respect to that model 

consist of (a) the integration of the heat supply components, (b) the integration of WT, 

(c) the use of variables for component sizes and their connections, and (d) the 

integration of the economic performance calculation into the model. As in the 

previous section, the calculated FH demand from a simulation model was used, so as 

to implement heating needs based on a test reference year (Kalamees, 2012). The 

simulation time is one year and the required input data has been kept to a minimum to 

ensure a wide applicability. Weather data, along with the electricity, FH and DHW 

demands are the only mandatory inputs. This increases the application spectrum of the 

model, since different buildings, comfort levels, control strategies, weather data 
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and/or other conditions may be simulated independently. Figure 2.10 shows 

simulation results for the monthly energetic demand of the building, and monthly 

values of energy generation for the PV, WT and ST collectors. 

 

Figure 2.10 – The simulation results for monthly heat and electricity demand of Villa 

ISOVER, as well as heat and electricity generation of 5 kW installed capacity of PV, 5 

kW installed capacity of WT, and 5 m2 of ST collectors. 

2.3.3. Multiobjective optimization 

The optimization process is performed by MOBO, a tool for multiobjective building 

performance optimization (Palonen, 2013; IBPSA-Nordic, 2017). MOBO offers 

several advantages, such as a graphical user interface, automatic constraint handling, 

allowing parallel simulation and real-time visualization of the optimization process. It 

includes a library of algorithms so the user can select one that suits the needs of the 

study and set the optimization parameters, as well as define the variables and 

objective functions, while MOBO implements and executes the algorithm, and runs 

the simulation software (TRNSYS, in this study); the algorithm Pareto archive 

NSGA-II was chosen. The Non-dominated Sorting Genetic Algorithm II (NSGA-II) is 

a multiobjective evolutionary algorithm that offers spread solutions and improved 

convergence along the Pareto-optimal front. Figure 2.11 shows a flow diagram of the 

multiobjective optimization process. Deb et al. (2002) provide a detailed description 

of the algorithm. The variables in the optimization are the energy components 

described above. Further information about the optimization parameters is given in 

subsection Testing of the optimization. 
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Figure 2.11 – The flow diagram of the multiobjective optimization process. 

2.3.4. Case studies 

Heat supply options 

DH is the most common form of heat supply in Finland and it is available in all 

cities and large urban areas; nevertheless, it only supplies around 10 % of detached 

and semi-detached houses. These are commonly heated by boilers, GSHPs, or direct 

electric heating. Although the presence of micro-CHP in Finland is limited, this 

component has been included in the analysis due to its high efficiency levels and 

potential to run on biofuels.  

Energy prices, escalation rates and interest 

The energy prices are calculated differently for each type of energy carrier: for 

electricity the hourly spot market prices from Nord Pool during 2015 are used (Nord 

Pool, 2017); for DH and WP the prices are assumed to remain constant throughout the 

year, with values of € 9.5cent/kWh and €5.8cent/kWh respectively; for NG and BG 

the prices are also assumed to remain constant throughout the year, with values of 
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€6.95cent/kWh and € 8.02cent/kWh respectively, but an annual fixed charge of 

€210.8 by the grid operator is also included. The price escalation rates for electricity, 

DH, WP and NG have been calculated as 4 %, 5 %, 3.5 % and 3 % respectively, 

based on the historic price development shown in Figure 2.12. The price escalation 

rate for BG is assumed to be equal to that of NG, as historical prices are not available. 

The type of consumer is selected as detached house where applicable. A real interest 

rate of 3 % is used. The electricity export prices are the same as before, but in this 

study the heat export price is assumed to be 40 % of the retail price of heat (instead of 

43 %), which is in line with the price for heat export to the open DH grid in 

Stockholm. 

  

Figure 2.12 – The historical prices and price trends for different energy carriers for 

detached houses in Finland. 

Emission factors and exergy content 

The specific emission factors in Finland for the energy carriers investigated in this 

study are shown in Table 3. The emissions derived from BG are not counted in 

national emission figures and, as such, are given an emission factor of zero. Although 

similar considerations apply to biomass, converting wood into WP requires a 

manufacturing process and as such WP are not free of emissions. The authors have 

thus decided to use a specific emission factor higher than zero. The exergy content is 

calculated differently for each energy carrier. For electricity, it is equal to its energy 

content, since it can be entirely converted to work. For NG and WP, the energy 

demand is multiplied by the exergy factors 1.04 and 1.13 respectively, based on 

(Woudstra & van der Stelt, 2003). BG is assumed to have the same factor as NG. For 

heat, the exergy content is transferred for each process at each time step based on the 

temperatures of the transfer fluids.  
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Table 2.7 – The specific emission factors  in kg CO2eq/MWh for different 

energy carriers in Finland. 

Energy carrier Emission 
factor 

Electricity 173 
DH 245 
NG 199 
BG 0 
WP 43 

Main case studies 

Three main cases are presented in this study. Their respective objective functions 

are  

Case 1:  (17) 

Case 2:      (18) 

Case 3:  (19) 

with design variables as defined in subsection Design variables. The third case has the 

same objectives as the first one – LCC vs.  – though under a net metering 

support scheme. Net metering is a support mechanism that increases the economic 

appeal of onsite generation systems, usually implemented for residential-scale 

systems. Its basic premise is to allow exporting energy to the grid when generation 

exceeds demand and importing it when demand exceeds generation with no cost 

difference for the user: a unit of exported energy covers the cost of a unit of imported 

energy. In this study, it has been implemented with an approach similar to the one in 

the Netherlands: there is no cost difference up to a net-zero annual balance, although 

if export exceeds the net annual energy import, the surplus is paid at a lower rate. For 

this study, an annual net electricity surplus is paid at the average market price in 

Finland in 2016 of €3.2cent/kWh, while a net demand is paid at the average retail 

price, €15.3cent/kWh. 

Case 1 and Case 2 could be approached as a single case with three objectives. 

However, splitting into two cases allows for an easier visualization of the results, 
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particularly since five fronts are presented in each case; displaying these surfaces 

would have been detrimental for figure interpretation. 

2.3.5. Testing of the optimization 

Prior to running the optimization for the main cases, the parameters of the 

optimization algorithm were tested. Following the conclusions by Alajmi and Wright 

(2014), in order to reach the solution faster the population size has been kept small 

(8), with a high crossover probability (100 %) and a low mutation rate (one variable). 

Regarding the number of generations, convergence was tested by running an 

extensive optimization – 100 generations – for one of the main heat generation 

components, namely GHSP with exporting allowed. Figure 2.13 shows the results; for 

clarity, the first 400 simulation calls are shown in the left chart and the next 400 

simulation calls are shown in the right chart. It can be seen in the left chart that the 

first 400 simulation calls allow for the formation of a clear Pareto front, which does 

not move any further in either direction in the right chart. Thus, the results from 

simulations 401 to 800 bring very little additional information. Based on this premise, 

it is decided that 50 generations, each with a population size of eight for a total of 400 

simulation calls per main heating system, are sufficient to find a clearly defined 

Pareto front; with five main heating systems, the total calls per case study amounts to 

2000 simulations.  

2.4. Optimal solutions in different contexts 

For the investigation of optimal solutions within different contexts, a new set of 

case studies is designed. These case studies include a nearly-zero building in the 

Netherlands, that is subject to different meteorological, energetic and economic 

conditions. This section presents the building, the case studies, and the relevant 

information related to the Finnish case.  

2.4.1. Building used for context comparison 

The selected building adheres to the strict building regulation frameworks in the 

Netherlands. Table 2.8 shows several of its features and how it compares to the 

reference building in Finland. In the Netherlands, the building is a semi-detached 

terraced house, which is a typical Dutch residential house, representing about 40 % of 

Dutch households. The building is based on the BENG (Nearly Energy-Neutral 
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Building) reference building by the Netherlands Enterprise Agency (RVO). A detailed 

description and the layout of the three-storey building can be found in Kotireddy et al. 

(2015).  

 

Figure 2.13 – The results of the extensive multiobjective optimization. Results 1 to 

400 are shown in the left chart and results 401 to 800 are shown in the right chart. 

2.4.2. Heat supply options 

The studied Dutch heat supply systems consist of natural gas (NG) boilers—around 

97 % of residential houses in the Netherlands use gas-based boilers—and ASHP with 

and without heat export. In Finland, the options are WP boilers, and GSHP with and 

without export. The selected boilers are common in both countries, though different 

fuels are preferred. These components, however, cannot be operated with electricity, 

and thus offer no potential to convert surplus electricity into heat for further export. 

HPs offer this possibility, and they are also common in both countries. Most 

importantly, thanks to their COP, they put out several units of heat per unit of 

consumed electricity, and therefore they are attractive for the purpose of this study. 

Currently, due to local weather and ground conditions, ASHPs are more preferred in 

Netherlands, while GSHPs have been suggested as optimal solutions for single-family 

buildings in Finland. All heat supply options are assumed to include a HWST with a 

capacity of 750 liters and with the connections required to receive heat from the heat 

supply component and the ST collectors.  
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Table 2.8 – Features of the buildings modelled for the Dutch and Finnish cases. 

Feature Unit Netherlands Finland 

Conditioned area m2 104 175 

U- values:        Walls W/(m2 K) 0.17 0.17 

Roof W/(m2 K) 0.14 0.06 

Floor W/(m2 K) 0.20 0.09 

Windows W/(m2 K) 1.01 0.76 

Demand:    Heating kWh/(m2 a) 47.8 50.1 

DHW L/day/person 58.8 36.5 

Electricity  

(Appl. & Lighting) 
kWh/(m2 a) 33.7 29 

2.4.3. Economical aspects 

The energy prices have a different behaviour depending on the energy carrier, the 

case study and the country. The Netherlands has implemented support mechanisms 

for onsite generation technologies, such as net metering and tax deductions. Net 

metering is a support mechanism that increases the economic appeal of onsite 

generation systems, usually implemented for residential-scale systems. Its basic 

premise is to allow exporting energy to the grid when generation exceeds demand, 

and importing it when demand exceeds generation with no cost difference for the 

user; a unit of exported energy covers the cost of a unit of imported energy. There is, 

however, a limitation in the Netherlands: there are no cost differences up to a net-zero 

annual balance, yet if export exceeds the net annual energy import, the surplus is paid 

at a lower rate. It is uncertain whether this support scheme will continue beyond 2020. 

Table 2.9 shows the electricity import and export prices used in this study. The prices 

without net metering in the Netherlands and the prices with net metering in Finland 

are assumptions based on the current price scheme in each country. For the 

Netherlands, in the case of net metering termination, the lower feed-in tariff rates of 

the net metering scenario are used for exported electricity irrespective of the annual 

energy balance; exported electricity is assumed to be paid at €0.07/kWh regardless of 

the annual electricity balance (see Table 2.9). In Finland, the import and export 

electricity prices with net metering are assumed to be equal to the respective average 

prices in 2015. 
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Regarding the price of exported heat, assumptions have been made for both 

countries, as such strategy has been implemented to a very limited extent. In the 

Netherlands, the price is assumed to be 40 % of the operational energy cost of heat 

from an NG boiler. That is, the price of NG divided by the boiler efficiency. In 

Finland, the price is assumed to be 40 % of the price of heat from a DH grid. The heat 

export prices in the Netherlands and Finland at the beginning of the simulation 

amount to €0.034/kWh and 3.8/kWh, respectively. 

Table 2.9 – The electricity import and export prices with and without net metering 

in the Netherlands and Finland, in euro cents. 

 With net metering Without net metering 
 

Import 
Export 

Import 
Export 

 If annual 
balance ≤ 0 

If annual 
balance > 0 

If annual 
balance ≤ 0 

If annual 
balance > 0 

The 
Netherlands 20 20 7 20 7 7 

Finland 15.3 15.3 3.2 Market price* 
+ 2.79 + 3.98 

Market 
price* – 

0.24 

Market 
price* – 

0.24 
*The average market price in 2015 was €0.032. 

The electricity price escalation rates in the Netherlands and Finland are 1 % and 4 

%, respectively, calculated based on historical prices as shown in Figure 2.14. The 

price of NG in the Netherlands and the price of WP in Finland remain constant 

throughout the year, starting at €0.077/kWh and €0.058/kWh, respectively, with price 

escalation rates of 1 % and 3.5 %, respectively. The interest rate is set at 3 % in both 

countries. Further support schemes are available in both countries. In the Netherlands, 

the VAT on the acquisition of PV systems is returned. As mentioned above, in 

Finland, a 45 % tax deduction can be applied for on the installation costs of PV and 

WT systems. 
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Figure 2.14 – The historical prices and price trends for various energy carriers for 

detached houses in the Netherlands  and Finland. (El.: electricity; NG: natural gas; 

WP: wood pellets; NL: Netherlands; FI: Finland) 

2.4.4. Emission factors 

The specific emission factors in the Netherlands and Finland for the energy carriers 

are shown in Table 2.10. Exported energy is assumed to replace energy production by 

the utilities, and thus there is no distinction between factors for the import and export 

of electricity. It is also assumed that the generation from PV, WT and ST collectors 

has no operational emissions. Regarding heat export, in the Netherlands, it is assumed 

to replace heat that would otherwise be supplied by an NG boiler, thus having an 

emission factor of 220.3 kg CO2eq/MWh. The value is higher than that of NG, as 

boiler efficiency is accounted for. In Finland, heat export is assumed to replace import 

from a DH grid, with an emission factor of 245 kg CO2eq/MWh. 

Table 2.10 – The specific emission factors  in kg CO2eq/MWh for the energy 

carriers in the Netherlands and Finland used in this study. 

Energy carrier The 
Netherlands Finland 

Electricity 540 173 
Natural Gas 220 - 

Wood Pellets - 43 

2.4.5. Case studies 

For each country, two case studies are investigated through multiobjective 

optimization. For the Netherlands, the first optimization is based on the current 

support scheme that includes net metering, and the second optimization does not 
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include net metering. That is, in the second optimization, imported electricity is 

always paid at the import price, and exported electricity is always paid at the export 

price of €0.07/kWh, regardless of the net annual balance. For Finland, the first 

optimization is based on the current scheme where electricity is paid at the market 

price as described above, and the second optimization investigates the implementation 

of a virtual net metering support scheme similar to the one in the Netherlands. The 

import and export prices are assumed to be the annual average retail and market 

prices, respectively. 

2.4.6. Optimization problem 

The definition of the optimization problem is the same as in Section 2.3. However, 

the comparison includes only the objective functions for operational equivalent CO2 

emissions and LCC, calculated as shown in Equations 15 and 17. The design variables 

are also the same as presented in Section 2.3, yet for the comparison the capacity of 

the HWST has been defined as a constant, as mentioned in subsection Heat supply 

options. Moreover, design variable  has different values depending on the 

country. Its particular characteristics can be seen in Table 2.11. The installed capacity 

of GSHP and ASHP depends on the export capability: if heat export is not allowed the 

installed capacity is 6 kW, whereas if heat export is allowed the installed capacity is 8 

kW. 

Table 2.11 – Features of the design variable for the main heat supply component 

. 

Heat supply 
component 

Tag in  
 

Installed 
capacity 

[kW] 
Exporting COP or 

efficiency Country 

 Electrical 
GSHPa 

1 6 Not allowed 3.5 FI 
2 8 Allowed 3.5 FI 

Electrical 
ASHPb 

3 6 Not allowed 3.5 NL 
4 8 Allowed 3.5 NL 

WP boiler 5 7 Not allowed 90 % FI 
NG boiler 6 18 Not allowed 91.7 % NL 

abased on NIBE F1145, bbased on Ecodan PUHZ-SW 
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3. Results  

3.1. Energetic, exergetic and environmental performance of a 
nZEB under a heat-export strategy 

3.1.1. Net energy and net exergy  

Figure 3.1 shows the surplus electricity generation of the PV system in the 

calibrated and uncalibrated models for Case 1-PV, Case 2-PV and Case 3-PV. For 

most cases the surplus increases linearly with the installed capacity. The curves 

indicate two aspects when comparing the calibrated and the uncalibrated models. 

First, the values of surplus electricity differ only slightly between the two models. 

Second, the surplus electricity as function of the installed capacity for both models 

shows the same (linear) behaviour. The difference between the modelled surplus 

electricity generation and the measured value does not depend on whether the model 

is calibrated or not, as seen in Figure 3.1. This is because energy generation from the 

PV system mostly happens during the summer season when the heating demand (and 

thus electricity consumption from the GSHP) is low, that is to say when the 

calibration has the least influence on the results.  

 
Figure 3.1 – The PV system’s surplus electricity generation of the calibrated and 

uncalibrated models, and the measured value as a function of PV capacity (left) and 

surplus heat generation by the ST collectors as a function of the ST collectors’ area 

(right). 

Figure 3.2 shows the net energy exchange and net exergy exchange for Case 1-PV. 

In addition, Figure 3.2 includes the net energy and net exergy for the uncalibrated 

model, as well as the net energy in the measured data. As in the existing energy 
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topology, only the PV system can generate a surplus. For net exergy, it can be seen 

that it is influenced by the temperature level of the line receiving the exported heat. 

As can also be seen in Figure 3.1, the curves of the calibrated and the uncalibrated 

models have similar behaviour: vertical displacement can be seen but the curves 

appear to have the same slope. Furthermore, the net energy and net exergy of the 

calibrated model is close to the measured value, as can be seen in the left and middle 

charts of Figure 3.2. Based on these premises, as well as those derived from the 

analysis of Figure 3.1, hereon only the results for the calibrated model are shown in 

the figures as no substantial difference between the models can be expected. From 

Figure 3.2 to Figure 3.5, a line intersecting the horizontal axis indicates that a neutral 

condition is reached (e.g. the net energy is equal to zero).  

Figures 3.3 and 3.4 show the net energy exchange and net exergy exchange for Case 

2-PV and Case 3-PV, respectively. The temperature level of the virtual heating grid 

does not have a significant influence on the net energy, and thus no distinction is 

made between the grids on the charts on the left in Figures 3.2 to 3.4. For contrast, the 

results for each grid are shown separately for net exergy. 

Figure 3.2 shows that with a similar system topology to the one existing in Villa 

ISOVER, it could reach net-zero energy and zero exergy exchange if the installed 

capacity of the PV system is increased to approximately 12.5 kW. Since the virtual 

EH has a conversion factor from electricity to heat equal to one, exporting the surplus 

of electricity as either electricity or as heat makes no difference to the net energy 

exchange but it does affect the net exergy exchange. 

Figure 3.3 indicates that if, instead of having a GSHP, the heat was supplied by a 

DH grid and the surplus electricity was converted to heat using the virtual HP and 

exported, the system would require approximately 11 kW of installed capacity of PV 

panels to reach the net-zero energy exchange. However, if the surplus electricity were 

to be directly fed into the electrical grid, the net-zero could not be reached. On the 

exergy side, this system topology has the significant advantage of importing low 

amounts of exergy from the heating grid. The figures show that for Case 2, if 

electricity were to be directly exported to the grid, the net-zero exergy exchange 

would be reached with the installed PV capacity in both types of heating grid.  
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In Figure 3.4 it can be seen that if the virtual HP was available and the solar 

collector was capable of exporting, the building would reach and surpass the net-zero 

energy exchange with the installed capacities of the PV system and ST collectors. The 

net-zero exergy exchange in Case 2 could be reached with an installed capacity of 

12.5 kW for the PV system. 

The effect of correlating the DH temperature to the outdoor temperature was tested. 

The difference in the results amounted to less than 5 %, with no significant change in 

the system performance. 

 
Figure 3.2 – The net energy exchange of the calibrated and uncalibrated models, and 

the measured value (left), and net exergy exchange for the calibrated (middle) and 

uncalibrated (right) models, and the measured value as a function of the PV capacity 

in Case 1-PV. The surplus electricity can be fed as electricity (El) to the electrical 

grid, or as heat (Q) to the supply (S) or return (R) of the conventional (C) or low-

temperature (LT) heating grid. 
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Figure 3.3 – The net energy exchange (left) and net exergy exchange (right) as a 

function of the PV capacity in Case 2-PV. The surplus electricity can be fed as 

electricity (El) to the electrical grid or as heat (Q) to the conventional (C) or low-

temperature (LT) heating grid. 

 
Figure 3.4 – The net energy exchange (left) and net exergy exchange (right) as a 

function of the PV capacity in Case 3-PV. The surplus electricity can be fed as 

electricity (El) to the electrical grid or as heat (Q) to the conventional (C) or low-

temperature (LT) heating grid. 

3.1.2. Net primary energy and CO2 emissions 

Figure 3.5 show the net PE and CO2 emissions replaced for Case 1-PV, Case 2-PV 

and Case 3-PV. Since these indicators are exclusively for energy, no distinction needs 

to be made between the virtual heating grids. The left chart indicates that increasing 

the size of the PV system could significantly offset the PE and CO2 emissions, and 

that exporting electricity benefits the net PE more than the emissions, while exporting 

heat benefits the emissions more than the net PE. The chart in the middle shows that 

using the surplus electricity to run the virtual HP has a beneficial effect on the CO2 

emissions because a net heat export can be reached, and the emissions this offsets 
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surpass the ones due to electricity import. However, using the virtual HP is 

detrimental to the PE, as the system now has a larger net import of electricity, which 

has a PE factor larger than DH. Nonetheless, both criteria can reach and surpass the 

horizontal axis in Case 2-PV.  However, if the surplus electricity is directly fed into 

the grid only the PE offset can be reached. Finally, the chart on the right shows that in 

Case 3 the system could offset emissions with the installed PV and ST capacities if 

the surplus was exported as heat. Or, it would be almost emission neutral if the 

surplus was exported as electricity.  Furthermore, with an installed PV capacity of 

approximately 12.5 kW, the building could be PE neutral and emission neutral if the 

surplus was exported as electricity. 

  

 
Figure 3.5 – The net primary energy (PE) and CO2 emissions required (negative) or 

replaced (positive) by exporting energy as a function of the PV capacity in Case 1-PV 

(left), Case 2-PV (middle) and Case 3-PV (right). The surplus electricity can be 

exported as electricity (El) or as heat (Q). 

3.1.3. Overall performance 

Table 3.1 summarizes the main system features which allowed reaching and/or 

surpassing the net-zero exchange for each performance criterion. The features are as 

follows: 
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 Energy and CO2 emissions: using the surplus electricity to drive a HP. The 

installed capacity for PV and ST in the building would be sufficient to reach a net 

energy export of over 4000 kWh/a and a net emissions replacement of approximately 

1500 kg CO2/a. 

 Exergy: replacing the GSHP with a connection to the DH grid. The installed PV 

and ST capacity in the building would be sufficient to reach the net-zero threshold. 

 Primary energy: increasing the size of the PV system to 12.5 kW. 

Table 3.1 – The main system features for reaching the net-zero level for each 
criterion. 

Criteria Net value  PV cap. 
[kW] 

Heat 
source 

Heat 
export Subcase 

Energy & 
Emissions 

4000 kWh 
(exported) 
& 1.5 tons 

CO2eq 
(replaced) 

9.4 GSHP Virtual 
HP 3-PV-Q  

Exergy 0 kWh 9.4 District 
Heating - 2-PV-El 

Primary 
Energy 0 kWh 12.5 GSHP - 1-PV-El 

The results show two meaningful outcomes. On one hand, it can be seen that HPs 

are detrimental to reaching the net-zero exergy exchange, compared to plainly feeding 

electricity to the grid. However, HPs are beneficial for reaching the net-zero energy 

exchange thanks to their energy factors (or COPs), which are generally higher than 

one. On the other hand, exporting electricity has higher benefits for the PE offset, but 

lower benefits for the CO2 emissions offset, while exporting heat has higher benefits 

for CO2 emissions but lower benefits for the PE offset.  

From these effects, two management strategies can be outlined:  

 If the system favours the export of surplus in the form of electricity, the net 

exergy exchange and the primary energy offset are strongly improved, while the 

energy balance and CO2 emissions are moderately improved. 

 If the system favours the export of surplus in the form of heat, the net energy 

exchange and the CO2 emissions offset are strongly improved, the primary energy 

offset is moderately improved, and the net exergy exchange is strongly lessened. 

Nonetheless, it must be mentioned that the two strategies can be merged, so part of 
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the surplus electricity can be converted to heat and the rest can be exported as 

electricity. This is a feasible scenario, as a HP with a nominal power demand of a 

fraction of the installed PV system could be installed: a fraction of the surplus energy 

would then be converted into heat, increasing the emissions offset and net energy 

export, while exporting the remaining surplus electricity would increase the PE offset 

and net exergy export.  

In Figure 3.2, it is seen that the building would reach the zero energy and zero 

exergy levels with the existing system topology if the installed PV capacity was 12.5 

kW. For this case, a brief analysis of the matching capability of the building was 

conducted. The matching criteria of ’on-site energy fraction‘ (OEF) (representing the 

proportion of the on-site demand that is covered by on-site generation) and ’on-site 

energy matching‘ (OEM) (representing the proportion of the on-site generation that is 

consumed in the building system rather than being exported or dumped) were 

calculated for electricity and heating energy forms based on the extended on-site 

matching indices developed by Cao, Hasan and Sirén (2013). Table 3.2 shows the 

calculated extended matching indices for electricity, that is to say OEFe and OEMe, 

and for heating, that is to say OEFh and OEMh. It can be seen that exporting the 

surplus electricity directly into the electrical grid leads to low values for OEFe and 

OEMe. On the other hand, converting the surplus electricity to heating before 

exporting it leads to higher matching capability in the building. Overall, there is 

significant room for increasing the self-consumption of energy.  

Table 3.2 – The matching indices for the simulated case with net-zero energy and 

exergy levels. 

Subcase     
1-PV-El 0.11 0.70 0.11 1.00 

1-PV-Q 0.53 0.70 1.00 0.53 

3.2. Economic performance of a nZEB under a heat-export 
strategy 

3.2.1. Economic indicators 

The LCOE, SPP and IRR for all cases and subcases can be seen in Figure 3.6. The 

slope changes are caused by price changes as system sizes increase. The SPP curves 

give insight into several aspects of the energy systems. First and foremost, the SPP for 
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the PV and ST systems range from 54 to 116 years and from 46 to 64 years 

respectively. Thus, all the calculated SPP are longer than the typical lifespans of PV 

systems, which range between 20 and 25 years. Thus, none of the systems may be 

expected to render a payback under the defined conditions. Another aspect is that in 

most cases the SPP increases as the installed capacity increases, except for Case 2-

PV-Q and Case 3-PV-Q, where SPP reduces by approximately nine years. These two 

cases benefit from the COP of the HP and thus receive more income from the export 

of electrical heat as the installed capacity of the PV system increases.  

Regarding the LCOE, the results for all the system topologies are higher than the 

historic energy prices seen in Figure 2.9. Furthermore, the levelized costs increase as 

the installed capacity increases. Regarding the LCOE, the lowest values are obtained 

for Case 3-PV-Q, ranging from 40.8 to 45.2 cent/kWh, while the highest values are 

obtained for Case 2-PV-El, ranging from 50.9 to 80.3 cent/kWh. Overall, as size 

increases, Q subcases give lower values of the LCOE than El subcases. Thus, for 

larger systems, investing in the conversion of surplus electricity to heat gives lower 

values of the LCOE. Overall none of the topologies, including the one existing in the 

building, led to levelized costs on a par with the current energy prices. 

The IRR curves give further indications of the economic performance of the 

systems. Regarding the PV subcases, it is notable that all of them have negative IRR 

values (i.e. the systems are attractive if the currency value increases with time) 

ranging from -0.1 % to -5.2 %, with Case 2-PV-Q and Case 3-PV-Q yielding almost 

identical results. This particular fact indicates that the presence or absence of the 

GSHP has little influence on the use of on-site generation from the PV system. In 

other words, electricity from the PV system is rarely used to operate the GSHP. This 

is a consequence of their contrasting seasonal operation: PV generation mostly takes 

place during the summer, when demand for heat from the GSHP is low. Notably, for 

IRR all Q subcases show higher values than El subcases, ranging from -3.7 % to -0.1 

% for the former and from -5.2 % to -4 % for the latter.  
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Figure 3.6 – The LCOE (left), SPP (middle) and IRR (right) as a function of PV 

capacity. Surplus electricity can be fed as electricity (El) to the electrical grid or as 

heat (Q) to the heating grid. Average retail electricity prices in 2015 are shown for 

comparison. 

3.2.2. Overall performance 

First and most evident is the overall contrast of their behaviour with respect to 

installed capacity. The LCOE and IRR of the cases that lead to the highest energy and 

exergy surplus can be seen in Figure 3.7. The energy and exergy surplus increase as 

the installed capacities increase, while the economic indicators mostly show 

detrimental trends as the installed capacities increase. This shows that increasing the 

system size will most likely not provide better economic results under the context of 

this study. Notable exceptions of this trend are Case 2-PV-Q and Case 3-PV-Q: for 

these cases as the installed capacity increases, the SPP decreases and the IRR 

increases. Yet, the LCOE increases and the economic results obtained do not 

represent desirable investments.  

One reason for the contrasting behaviour between balances and economic indicators 

is self-consumption. While the capacity of the generation systems has been increased, 
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the energy demand from the building has remained constant. As an example, Figure 

3.8 shows the energy self-consumption and export from the PV generation, and the 

LCOE for Case 1-PV-El: as expected, with increasing installed capacity there is 

increased generation and export. However, the installed capacity has little influence 

over the amount of energy self-consumption. Thus, as the system size increases, the 

self-consumption of on-site generated energy decreases from 15 % to 10 %. Since the 

price of energy export is roughly one third of the price of imported electricity and 

roughly one half of the price of imported heat, higher levels of self-consumption are 

more beneficial to economic performance than the relatively lower investment costs 

as installed capacity increases.   

   

Figure 3.7 – The LCOE and IRR of the cases with the highest energy (left) and exergy 

(right) surplus. The energy surplus (left) consists entirely of heat while the exergy 

surplus (right) consists almost entirely of electricity (>99 %). 

  

Figure 3.8 – Energy self-consumption and export from PV generation and LCOE for 

Case 1-PV-El. 
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A notable characteristic is that Case 3-PV-Q, which benefits from the use of two 

HPs, has the highest energy surplus and also the best cost-optimality according to the 

economic indicators. This highlights two points: investing in two HPs can improve 

cost-optimality and prioritizing energy over exergy leads to better economic results. 

The first point indicates that the COP of a HP could bring enough income from 

exported heat to offset the increased investment and O&M costs, whereas the second 

point underlines the decoupling between energy quality and energy export prices. The 

behaviour of the economic indicators shows that smaller systems could lead to more 

attractive investments. Also, Case 3-PV-Q shows a significant surplus at the smallest 

capacity investigated. This suggests that the net-zero energy balance could be reached 

with that topology using a smaller PV installed capacity, and this might also bring the 

system closer to cost-optimality. Further investigation could confirm this. 

The effect of electrical storage has not been investigated as its presence is 

detrimental for the energy and exergy balances due to efficiency loses, while 

requiring an additional investment. Nevertheless, with the decreasing trend in 

electrical storage prices and increasing levels of market penetration, the influence of 

this component could also be the basis for future investigations. 

3.3. Optimal energy systems in a Finnish context  

3.3.1. Optimization results in the Finnish context 

The results of the ΔLCC – with a 3% interest rate – and  multiobjective 

optimization for the different heating systems are shown in Figure 3.9. In this case, 

LCCref is based on a system with a connection to DH and no other additional 

component: the heat and electricity demands are covered with energy imported from 

the grids. There is not a clear superior option regarding the main heat supply strategy; 

instead, the Pareto front is formed by GSHP without heat export as the most cost-

effective option with low but positive emissions and by GSHP with heat export, 

which has higher costs but can offset large amounts of emissions. For the GSHP 

without heat export, the results suggest installing a 6 kW HP and investing first into 

PV systems, then WT. For the GSHP with heat export, the results suggest installing 

the 8 kW HP and investing first on PV up to 10 kW, after which the investment in 

WT increases from 0 to 10 kW; investments in ST with heat export oscillates grow 

from 0 to 10 m2 but only for ΔLCC of €200/m2 or higher. For the systems on the 
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Pareto front the battery size and HWST size does not seem to have a significant 

effect. The most cost-effective option to reach net-zero emissions is with a GSHP 

with export, 3.5 kW PV and 0.2 kW WT, with an ΔLCC of approx. €-31/m2. In Figure 

3.9 and Figure 3.11 groups of micro-CHP configurations with high emission levels 

appear, separated from the rest of the micro-CHP front. These correspond to micro-

CHP fuelled by NG, while the rest of the front corresponds to micro-CHP fuelled by 

BG.  

The results of the optimization for ΔLCC and  for the different heating systems 

are shown in Figure 3.10. LCCref is the same as in the previous cases. In this case, the 

Pareto front is composed of GSHP with export followed by GSHP without export, and 

with DH offering a few configurations with the highest exergy surplus at higher costs. 

For all systems, the results suggest investing first in PV up to 10 kW followed by WT, 

and not investing in ST. Battery size and HWST size do not show any pattern. The 

most cost-effective option to reach net-zero emissions is with a GSHP with heat 

export, 3.7 kW PV and no WT, with ΔLCC of approx. €-22/m2. 

The results of the optimization ΔLCC with net metering and  optimization for 

the different heating systems are shown in Figure 3.11. LCCref is the same as in the 

previous cases, yet calculated under the framework of net metering. In this case, the 

Pareto front is composed of GSHP without export on its bottom part and with export 

on the rest. For both systems, the results suggest starting with 10 kW PV followed by 

investments in WT; the ST collectors, battery size and HWST size do not seem to 

have a significant effect. The most cost-effective option to reach net-zero emissions is 

with a GSHP without export, 9.7 kW PV and 0.6 kW WT with ΔLCC of approx. €-

88/m2. 
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Figure 3.9 – The non-dominated fronts for each main heat supply component for the 

optimization ΔLCC vs. . The lines indicate the regions where investments on 

each type of onsite generation develop for the main heat supply components in the 

Pareto front.  

 

Figure 3.10 – The non-dominated fronts for each main heat supply component for the 

optimization ΔLCC vs. .  
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Figure 3.11 – The non-dominated fronts for each main heat supply component for the 

optimization ΔLCC with net metering vs. .  

3.3.2. Overall performance in the Finnish context 

The optimal options for heat supply that minimize LCC and  are GSHP with 

and without heat export. For a ΔLCC increase of roughly €15/m2 with a GSHP as the 
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heat relies on an assumption, yet it shows that there is significant potential in the 

application of this strategy when onsite electricity generation exceeds demand. 

A notable aspect is that for all main heat supply systems on the Pareto front, it is 

suggested to invest first in PV and then in WT. The explanation relies on three main 

factors: investment costs, generation and market price profiles, and nominal capacity 

of the HP. Investments per installed capacity of PV are roughly 60 to 70 per cent 

lower than for WT; thus PV has a significantly lower initial investment. Regarding 

generation and market price profiles, both technologies have advantages of their own. 

First off, the different generation profiles lead to different utilization of the energy 

from PV and WT. As an example, let us compare PV and WT systems with similar 

annual electricity generation: 9.1 MWh by a 10 kW PV system and 8.5 MWh by a 5 

kW WT systems. Figure 3.12 shows the annual electricity generation of these 

components and how it is used: converted for heat export, exported as electricity, or 

consumed onsite. The figure shows that PV and WT systems with a comparable 

annual output lead to a nevertheless significantly different utilization of the energy 

generated onsite, with PV exporting most of its generation as electricity (42 %) and 

heat (38 %) and WT consuming most of its generation onsite (54 %). 

 

 

Figure 3.12 – The onsite generation in kWh by PV (left) and WT (right) systems with 

similar annual output, and how it is utilized. 

Second, the different generation profiles lead to different income from energy 

export. Average electricity market prices between 19:00 and 06:00 were 36 % lower 

than between 07:00 and 18:00 in 2015. WT can generate electricity at night, when the 

demand is low and thus there is more surplus energy to operate the GSHP and export 

heat, which effectively reduces the export of electricity when market prices are low. 

PV, on the other hand, generates electricity mostly around noon, when market prices 
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are high, so it can export heat – up to the nominal capacity of the HP – and then 

export any leftover electrical energy to the electrical grid at a high price. Now, as 

noted in the previous paragraph, heat export can bring a higher income than electricity 

export, which suggests converting electricity into heat as much as possible. However, 

the nominal capacity of the HP acts as a limit to this. As can be seen in Figure 3.13, 

the annual total income from heat export at low installed capacities is similar for PV 

and WT, but starting from 5 kW the income from heat export for PV becomes 

significantly lower than the income from heat export for WT. The reason is that the 

nominal capacity of the HP limits how much conversion can take place, so increasing 

the on-site electricity generation eventually saturates the HP. For PV this is more 

notorious, since generation from WT is distributed more evenly throughout the day, 

which allows for a more widely distributed operation of the HP. Thus, as installed 

capacity increases, WT operation becomes more profitable than PV operation. 

Nevertheless, increasing the size of WT would eventually saturate the HP too. 

Another remarkable finding is that, while DH is the most common heat supply 

option in Finland, it shows the poorest performance (excluding micro-CHP with NG). 

A clear example of this is its ΔLCC to reach zero emissions, which is over €140/m2 

higher than the second least cost-optimal option – micro-CHP with BG – and over 

tenfold the ΔLCC of the most cost-optimal option – WP boiler. Nevertheless, if the 

specific emissions of DH can be reduced at the source, there is potential to have a 

significant impact on a larger scale. 

  

Figure 3.13 – The annual total income (savings by onsite consumption plus income 

from exported energy) from heat export and electricity generation for PV and WT as 

function of their installed capacity. 
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While NG micro-CHP offers the poorest LCC and emissions in the study, the 

performance of BG micro-CHP is in close competition with those of GSHP without 

export and boiler at ΔLCC of roughly €150/m2 and above, as can be seen in Figure 

3.9. Moreover, the results at the top of the figure indicate that BG micro-CHP can 

lead to the second lowest emission levels, surpassed only by GSHP with export. 

Nevertheless, the high LCC of micro-CHP component prevents it from being present 

on the Pareto front. This is due to the high cost of the component itself, its relatively 

high O&M costs, and the high prices of NG and BG.     

The low cost competitivity of NG and BG derives from the annual fixed charge. 

While the cost per unit of energy is in the same scale as for electricity or WP, these 

latter options do not require an annual payment. For instance, over 3.6 MWh of WP – 

which, moreover, has a lower price that NG and BG – could be purchased for the 

price of the annual fixed charge. Regarding electricity storage, the battery size does 

not have any significant role on the Pareto front. Batteries not only represent a small 

investment compared to other components, but the savings and losses they might 

cause are also limited. Thus, battery size has scarce influence in the optimization and 

no defined behaviour on the Pareto front. As for the interaction between batteries and 

the GSHP – the only main heat supply option operated with electricity – the 

contrasting seasonal behaviour between them does not allow significant 

improvements in system performance. Charging the battery with generation from PV 

occurs mostly during summer, when there is low need to operate the GSHP, and the 

generation from WT during winter is mostly consumed immediately, which reduces 

electricity imports but does not necessarily increase the need for storage. The size of 

the HWST does not have any significant role on the Pareto front either, which might 

be due to the lack of a smart energy management system for the operation of the 

system. An algorithm that optimizes heat storage based on energy prices or emissions 

could be more sensitive to the tank volume, but its investigation lies beyond the scope 

of this study.  

The optimal options for heat supply that minimize LCC and  are GSHP with 

and without heat export, and DH. DH offers the configurations with the lowest  

yet the highest LCC. The low exergy is explained by the exergy content of heat 

imported from the DH grid, with an average of 17 % throughout the year. Yet, the 

GSHP dominates most of the Pareto front due to its low LCC. It can be seen in Figure 
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3.10 that the second lowest cost is achieved with a boiler fuelled by WP. 

Nevertheless, the difference in cost is marginal compared to the reduction in exergy 

demand offered by GSHP without export – roughly 65 MWh/a.  

When net metering is implemented, the optimal solutions that minimize LCC and 

 are GSHP with and without heat export. For both options, the installed 

capacity of PV is permanently at its maximum, which shows that net metering makes 

this component a cost-optimal investment. Regarding the investment in PV and WT 

for GSHP with heat export, the conditions mentioned in the case without net metering 

remain unchanged: first invest in PV up to 10 kW and then in WT. The similarity in 

behaviour to the case without net metering is explained through comparing Figure 

3.13 and Figure 3.14, where it can be seen that the total income from electricity 

generation increases significantly for PV and WT when net metering is available, but 

the shape of all the curves remains virtually unchanged. Moreover, there are no 

changes in the income from heat export, as net metering has no effect on heat prices.    

3.3.3. Net-zero cases 

Table 3.3 shows the ΔLCC, net energy, ,  and main onsite generation 

components for the configurations that reach net-zero in the three case studies 

according to their objective functions. In the first case, zero  can be reached 

with a negative (i.e. net deficit) energy and exergy exchange. Since heat from the DH 

grid has a higher emission factor than electricity, less exported heat is required to 

offset the emissions from the imported electricity, which leads to a net energy deficit. 

As for the negative exergy exchange, it is because the exported heat has a lower 

quality factor than the imported electricity. In the second case, an energy surplus of 

66.5 kWh/(m2 a) is required to reach the net-zero exergy. This is because roughly 75 

% of the exported energy is in the form of heat with low exergy content. In the third 

case, it can be observed that the net energy  and  are zero. This is because 

for GSHP without export, the only energy form exchanged with the grids is 

electricity. Thus, a net-zero electricity exchange leads to net-zero energy,  and 

exergy. When more than one energy form is exchanged, this effect is no longer 

present, as can be seen in the results of the first and second case studies.  
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3.3.4. Sensitivity analysis 

To address the behaviour of the results due to changes in the economic context, the 

sensitivity to interest rates is analysed. Thus, the optimization described above is 

repeated for all the main heat supply components with two different interest rates: 1 % 

and 6 %. Moreover, as mentioned in Section 2.3, the price for heat exported to the DH 

grid is assumed to be 40 % of the retail price. The sensitivity to the ratio between 

exported price and retail price is analyzed, as it might have a significant influence on 

the results. Thus, the optimization is repeated with two heat export prices: 30 % and 

50 % of the retail price. This analysis is only conducted for GSHP with heat export, as 

it is the only main heat supply option that exports heat. Finally, the behaviour of the 

results due to higher or lower energy price escalation rates is analyzed. For this 

purpose, the optimization is repeated for all the main heat supply components with 

two sets of energy price escalation rates: one set with 50 % lower rates and one set 

with 50 % higher rates than those presented in Section 2.3. The precise rates are 

shown in Table 3.4. 

 

Figure 3.14 – The annual total income (savings by on-site consumption plus income 

from exported energy) from heat export and electricity generation for PV and WT 

when net metering is available, as a function of their installed capacity. 
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Table 3.3 – Main features and performance of the systems that reach net-zero in the 

three case studies. 

Case study 
ΔLCC 
[€/m2] 

Net 
energy 
[kWh/ 
(m2 a)] 

 
[kg 

CO2eq/ 
(m2 a)] 

 
[kWh/ 
(m2 a)] 

Main 
heat 

supply 
system 

PV 
[kW] 

WT 
[kW] 

1:  -31 -15.8 0 -40.1 
GSHP 
with 

export 
3.5 0.2 

2:  31.5 66.5 -17.1 0 
GSHP 
with 

export 
10 1.8 

3:   
with net metering 

-88 0 0 0 
GSHP 
without 
export 

9.7 0.6 

 

Table 3.4 – The energy price escalation rates used in the corresponding sensitivity 

analysis. 

Energy form Calculated 
rate [%] 

Low 
rate 
[%] 

High 
rate [%] 

Electricity 4 2 6 
DH 5 2.5 7.5 

NG and BG 3 1.5 4.5 
WP 3.5 1.7 5.3 

Interest rate 

Figure 3.15 shows the non-dominated fronts for ΔLCC and  for the 

optimizations with 1 %, 3 % and 6 % interest rates. LCCref is the same as in the 

optimization with a 3 % interest rate. A notable feature is that for below roughly 

€35/m2, ΔLCC of GSHP with heat export is lower with high interest rates, while 

above €35/m2 the ΔLCC is lower with low interest rates. The other main heat supply 

options benefit from higher interest rates along their entire respective fronts. GSHP 

without export and WP boiler share the bottom part of the Pareto front when the 

interest rate is high. Micro-CHP fuelled with BG also becomes more competitive with 

a high interest rate, although it does not reach the Pareto front. DH remains as the 

option with the poorest performance regardless of the interest rate. Regarding the 

investments in PV, WT, ST collectors, battery and HWST capacity, the same 

comments apply as in the optimization with 3 % interest rate. Thus, the optimizations 
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with lower and higher interest rates do not show any drastic changes compared to the 

base scenario. At a high interest rate, the WP boiler appears on the lower part of the 

Pareto front in close competition with GSHP without export, but the latter is a more 

robust solution, as it is on the Pareto front at low and high interest rates. The upper 

part of the Pareto front is composed of GSHP with export, regardless of the interest 

rate.  

 

Figure 3.15 – The non-dominated fronts for (a) DH, (b) GSHP without export, (c) 

GSHP with export, (d) micro-CHP and (e) Boiler, with 1 %, 3 % and 6 % interest 

rate. 

Heat export price 

Figure 3.16 shows the non-dominated fronts for ΔLCC and  for the 

optimizations with a heat export price at 30 % and 50 % of the retail price. LCCref is 

the same as in the optimization with 3 % interest rate and 40 % of the retail price. At 

the top of the figure the difference between ΔLCCs can surpass €100/m2 for similar 

emission levels, whereas at the bottom it can be as low as €40/m2. Regarding the 

investments in PV, WT, ST collectors, battery and HWST capacity, the same 

comments apply as in the optimization with 3 % interest rate and 40 % of the retail 

price. Therefore, the results show that the importance of this parameter increases as 

the investment increases. Higher ratios make the system more attractive at high 
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investment levels, but the significance is lower when investments are low. This is 

expected, as heat export is higher when on-site generation systems are larger and 

more electricity surplus is available for conversion into heat. Nevertheless, GSHP 

with export remains the best solution in the upper part of the Pareto front. 

 

Figure 3.16 – The non-dominated fronts for GSHP with export at different heat 

export prices, shown as a percentage of the retail price, and for GSHP without 

export. 

Energy price escalation rates 

Figure 3.17 shows non-dominated fronts for ΔLCC and  for the optimizations 

with the low and high energy price escalation rates shown in Table 3.4. LCCref is the 

same as in the optimization with the calculated energy price escalation rates. It can be 

seen that for most options the effect of the escalation rate decreases as ΔLCC 

increases. Notably, GSHP with or without export are more profitable with high 

escalation rates except in the bottom parts of their respective fronts: with export for 

ΔLCC below €0/m2 and without export for ΔLCC below €100/m2. DH remains the 

option with the poorest performance regardless of the escalation rates. Regarding the 

investments in PV, WT, ST collectors, battery and HWST capacity, the same 

comments apply as in the optimization with the calculated energy price escalation 

rates. Overall, the sensitivity analysis with lower and higher energy price escalation 

rates indicates better economic performance for all main heat supply options when 

investments and escalation rates are low. Nevertheless, the difference decreases as 

LCC increases; in particular, systems with GSHPs and medium-to-large PV or WT 

systems even become more cost-optimal with high escalation rates. In general, the 

results of this analysis do not indicate that the main outcomes from the base scenario 

might be invalid at lower or higher energy price escalation rates. 
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Figure 3.17 – The non-dominated fronts for (a) DH, (b) GSHP without export, (c) 

GSHP with export, (d) micro-CHP and (e) Boiler, with calculated, low and high 

energy price escalation rates. 

3.4. Optimal solutions in a different context 

3.4.1. Optimization results in the Dutch context 

The Pareto fronts for the three heating systems for the Dutch case with and without 

net metering are shown in Figure 3.18. The three heating systems are an ASHP with 

heat export, an ASHP without heat export and an NG boiler, as presented in Section 

2.4. The reference case consists of a system with an NG boiler, a connection to the 

electricity grid, and no other heat or electricity generation components; that is, the 

electricity demand is entirely covered with electricity from the grid, and the heat 

demand is entirely covered by the NG boiler. It can be observed from the Pareto 

fronts that ASHPs offer the optimal solutions for CO2 emissions and LCC for both net 

metering options, provided that there is a provision for heat export. This is attributed 

to the higher monetary income from exported heat; if 1 kWh of surplus electricity is 

exported to the grid, it brings an income of €0.07, assuming an annual surplus, while 

if it were converted to heat and exported, it would bring an income of €0.0108. Thus, 

by converting 1 kWh to heat, the system earns a roughly 1.5 times higher income. In 
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case of net metering, the lower part of the front shows that NG boilers have a lower 

ΔLCC compared to ASHPs without heat export, which is due to the lower investment 

cost of boilers. Thus, in case of no heat export, NG boilers offer more optimal 

solutions at low LCC. However, the optimal option between an NG boiler and an 

ASHP without heat export depends on the availability of net metering; if net metering 

is available, ASHP is preferred in most of the front, whereas if net metering is 

terminated, ASHP and NG boiler compete closely along the front. This is because an 

ASHP, an electricity-driven component, benefits more from net metering—an 

electricity oriented support scheme—than an NG boiler, a fossil-fuel-driven 

component. Nevertheless, in the lower parts of the Pareto front, an NG boiler results 

in a lower ΔLCC with and without net metering. 

An ASHP with heat export has the lowest ΔLCC with net metering compared to 

other heating systems, and it is about €-69.70/m2 with CO2 emissions of -41.1 

kgCO2eq/(m2 a). However, the lowest ΔLCC for an ASHP with heat export increases 

to €-4.00/m2 without net metering, yet there is no significant change in CO2 

emissions. This is attributed to heat export, which allows reduction of CO2 emissions 

irrespective of net metering. In cases of no heat export, the ΔLCC of an ASHP 

increases up to €-17.50/m2, and CO2 emissions increase up to -26.6 kgCO2eq/(m2 a) 

with net metering, whereas the ΔLCC increases up to €71.10/m2 and CO2 emissions 

increase up to -15.3 kgCO2eq/(m2 a) without net metering. It is worth noting that the 

LCC is higher in cases of no net metering due to the lower income from exported 

electricity. Overall, an ASHP with heat export is the optimal heating system with and 

without net metering. A natural gas boiler should be preferred if the ΔLCC is 

prioritized and heat export is not allowed. 

Figure 3.19 shows the installed capacity of onsite generation and storage 

components for each of the optimization fronts of heating systems, also with and 

without net metering. The left graphs show the installed capacities on the Pareto 

fronts of PV systems, WTs, ST collectors and battery with net metering while the 

right graphs indicate the installed capacities on the Pareto fronts of same systems 

without net metering. It can be observed from Figure 3.19 that the capacities for PV 

have similar trends for the three heating systems with and without net metering. The 

same observations can be made for WTs. Scattered capacities are observed for ST and 

battery for both net metering options. 
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The difference in PV system capacities on the Pareto fronts with and without net 

metering is not significant, the only differences being the optimal capacity of a PV 

system for an ASHP with no heat export and for a boiler in case of no net metering. In 

the former, the cost optimal solution increases from an 8-kW PV system without net 

metering to 10-kW PV system with net metering, while in the latter, the cost optimal 

solution increases from an 8.1 to 9.2-kW PV system. Cost optimality is lessened if 

there is no net metering, as the excess exported electricity yields lower benefits at the 

same investments costs. If heat export is allowed, higher capacities of PV system 

yield optimal investment options as excess electricity generated by a PV system can 

be utilized by the ASHP to generate heat, and thus a higher monetary income from 

exported heat. Overall, the optimal capacity of a PV system for the three heating 

systems is between 9 to 10 kW, with a few solutions between 8 to 9 kW.  

In contrast to the optimal capacities of PV systems, the trends for the optimal 

capacity of WTs cover the entire range, i.e. between 0 to 10 kW, for the three heating 

systems with and without net metering. There is no observable influence of 

availability of net metering on the overall investment strategy in WTs. WTs offer 

better energy matching than PV systems due to their more evenly distributed energy 

generation throughout the days and the seasons; this allows a higher rate of self-

consumption, which reduces the export of surplus electricity and thus the effect of net 

metering. It can also be observed in Figure 3.19 that, for equal capacities of WTs, an 

ASHP with heat export is the optimal heating system for both net metering options. In 

cases of no heat export, for the same capacity of WTs, the Pareto fronts of an ASHP 

are more optimal than an NG boiler with and without net metering. 

Even though there is no definite trend for a ST collector area on the fronts, it can be 

observed from Figure 3.19 that higher capacities of ST systems dominate the Pareto 

front of ASHPs with and without export when net metering is available, with an 

average of 6.7 m2. Contrarily, lower capacities dominate when net metering is not 

available, with an average of 4.5 m2. However, for the boiler, the capacities of ST 

systems remain mostly unchanged at roughly 7 m2 on average. This indicates that heat 

generated by a ST system can assist the performance of ASHPs by (a) reducing the 

need to operate the ASHP to cover heat demand by the building, and by (b) allowing 

the ASHP to export more heat. This second point is because PV and ST generation are 

dependent on solar radiation; when the sun is shining, the ASHP, driven by surplus 
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electricity, can focus more on heat export since the ST collectors assist to cover the 

building heat demand.  

  

 

Figure 3.18 – The Pareto fronts for ASHP with and without heat export, and for 

boiler. The fronts are shown for the Dutch case with (top) and without (bottom) net 

metering. 

Similar to the ST capacities on the fronts, scattered values for battery size are 

observed for the three heating systems, yet the effect of net metering is clearly visible. 

For instance, in cases of net metering, lower capacities of battery dominate the Pareto 

front of an ASHP with heat export, with 1.8 kWh capacity on average. On the other 

hand, in cases of no net metering, larger batteries dominate the Pareto front, with 
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roughly 3.6 kWh capacity on average. This is attributed to the grid acting as virtual 

storage in case of net metering. The installed battery capacities for an ASHP without 

heat export and an NG boiler are similar for both net metering options, with scattered 

values across the whole front. While this could seem counter intuitive, it is an 

indication that the battery size has little influence on the results, and the optimization 

algorithm prioritizes exploring other variables. 
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       Net metering       No net metering 

   

   

    

    

 

Figure 3.19 – Installed capacity of onsite generation and storage components on the 

optimal fronts for an ASHP with and without heat export, and for a natural gas 

boiler. Capacities are shown for the Dutch case with (left) and without (right) net 

metering. 
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Cost-optimal systems verification 

The optimization algorithm aims to cover most of the non-dominated front. 

Nevertheless, being a stochastic algorithm, it might not succeed in finding the two 

optimal extreme solutions at the two ends of the Pareto front. Since the minimum 

LCC point is the lower extreme point in the optimization search, therefore and to 

ensure that the ASHP with heat export offers the solutions with lowest LCCs in the 

study case compared to the other heat supply options, as shown in Figure 3.18, a 

supplementary set of simulations has been conducted. These optimizations use the 

exhaustive search algorithm in MOBO (Brute-force search) with discrete variables. 

The insights about the upper and lower limits and steps of the discrete variables are 

learned from the lowest-LCC results of the case study optimization for each main heat 

supply system in Figure 3.18. The results of these supplementary simulations are 

shown in Figure 3.20, with a total of 469 simulations. 

 

Figure 3.20 – The exploration of the lowest LCC systems on the fronts in the Dutch 

case with net metering. 

As can be seen in Figure 3.20, the observation that ASHPs with heat export offer the 

lowest LCC is supported by the explorative simulations. Moreover, a lower LCC 

solution has been found with €-84.10/m2 and CO2 emissions of -38 kgCO2eq/(m2 a). 

These results support that the solutions presented in the case studies allow the 

identification of the main heat supply components that offer the lowest LCCs, yet they 

also remind us that solutions found by stochastic optimization algorithms are near-

optimal. 
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3.4.2. Optimization results in Finland for context comparison 

Figure 3.21 shows the Pareto fronts for the three main heat supply components, for 

the Finnish cases with and without net metering. The reference case consists of a 

system with connections to the DH and electricity grids, and no other heat or 

electricity generation components; that is, the electricity demand is entirely covered 

with electricity from the grid, and the heat demand is entirely covered with heat from 

the DH grid. The results of the multiobjective optimization show that GSHPs offer the 

optimal solutions for LCCs and CO2 emissions. Figure 3.21 shows that when net 

metering is not available and no onsite generation components or batteries are present, 

WP boilers have lower CO2 emissions than GSHPs without export, yet the latter 

offers a lower LCC. Ultimately, GSHPs without export dominate the lower part of the 

optimal front. As for comparing between GSHPs with and without export, the results 

without net metering show that the lowest ΔLCC, €-46.50/m2, is reached when the 

GSHP cannot export heat, with CO2 emissions of 8.9 kg CO2eq/(m2 a). For 

comparison, the lowest ΔLCC for a GSHP with export is €-24.50/m2, but with CO2 

emissions of -11.3 kgCO2eq/(m2 a). Thus, while there is a significant increase in the 

LCC, the system with heat export allows a reduction of 20.2 kg CO2eq/(m2 a), 

offering a net compensation of CO2 emissions. If net metering is available, the lowest 

LCC for GSHPs without and with export drop to €-84.20/m2 and €-65.60/m2, 

respectively, with CO2 emissions of 0 kg CO2eq/(m2 a) and -19.2 kg CO2eq/(m2 a), 

respectively. Otherwise, there are no major differences between the cases with and 

without net metering (see Figure 3.21). 

As in the Dutch case, the dominance of HPs on the Pareto front relies on the COP of 

this component, since a moderate amount of surplus electricity can be converted into a 

copious amount of heat. This heat could be stored, yet this option requires medium to 

long-term storage components that increase the system cost, complexity and losses. A 

second option is simply to avoid the conversion to heat and export the surplus 

electricity, but this does not profit from the heat pump’s COP. Regarding the LCC 

difference between the GSHP with and without export, the former dominates the top 

part of the front due to the higher monetary income from exported heat, while the 

latter dominates the bottom part due to its lower initial investment. Moreover, the 

presence on the optimal front of GSHPs with export indicates that the income from 
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heat export can justify the additional spending on borehole depth and connection costs 

if onsite electricity generation is available and sizable.  

The COP of the GSHP is key to understanding the optimal performance of this 

component. By being able to deliver several units of heat per unit of electricity, 

GSHPs offer substantial economic and environmental benefits compared to other 

sources of heating, particularly direct electric heating. Thus, GSHPs can cover the 

heating demand with a low electricity input. Yet, by using the GSHP to convert 

surplus electricity into heat for export, the COP further gives the opportunity to (a) 

compensate more CO2 emissions and (b) export more energy. As an example, let us 

assume there is 1 kWh of surplus electricity generated by the PV system. If it were 

directly exported to the Finnish grid, it would compensate 0.173 kg CO2eq, and the 

income from its sale would be roughly €0.03. Yet, if it were converted to heat and 

exported to the heating grid, it would compensate 0.847 kg CO2eq, and the income 

from its sale would be roughly €0.13. That is, by converting 1 kWh to heat for export, 

the system compensates 4.9 times more emissions and brings 4.3 times more income. 
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Figure 3.21 – The Pareto fronts for GSHPs with and without heat export, and for 

boilers. The fronts are shown for the Finnish case without (top) and with (bottom) net 

metering. 

Figure 3.22 shows the installed capacity of onsite generation and storage 

components for each of the optimization fronts, with and without net metering. The 

results indicate that with net metering the optimal results have at least 6-kW PV 

capacity, regardless of the main heat supply component, whereas without net 

metering, several systems with lower PV capacity are present on the optimal fronts of 

GSHPs without export and boilers. This reinforces the notion that net metering has a 

positive effect on the economic performance of PV systems, as larger PV systems are 
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preferred when net metering is available. Regarding batteries, Figure 3.22 shows that 

there is no clear pattern when the system includes a boiler or a GSHP without heat 

export. However, if a GSHP with export is present, the battery size should be kept 

below 2.7 kWh. 

These results indicate that investments in onsite electricity generation components 

should be first directed to the PV system, followed by WTs. This shows that the 

advantages offered by WTs—namely, better energy matching due to a more evenly 

distributed generation throughout the day and the year—are not sufficient to compete 

with the lower cost of PV systems. The results are not as conclusive regarding 

whether investments in ST collectors or WTs are preferred, since they seem to be 

related to the main heat supply component. For GSHPs without heat export and 

boilers, the investments in ST collectors along the Pareto front are concentrated 

mostly between 8 and 10 m2, whereas for GSHPs with export the investments are 

concentrated mostly between 0 and 2 m2. This could be an indication that when a 

GSHP is allowed to export, investing in WTs is more attractive than investing in ST 

collectors, since more surplus electricity by WTs (to generate and export heat) brings 

higher income than more surplus heat by the ST collectors. In contrast, when a GSHP 

is not allowed to export, WTs and ST collectors compete more closely, and thus 

investment in both is significant. 

The availability of net metering is shown to have limited effects on the behaviour of 

the optimal fronts and investments in onsite generation and storage components, with 

the only noticeable difference being that, with net metering, investments in PV 

capacities below 6 kW become sub-optimal. It is remarkable that batteries do not 

show a defined trend when a boiler or GSHP without export are present. This could be 

due to their relatively scarce effect on the results; since batteries have relatively lower 

prices and lower overall influence on the system compared to PV, WT and ST 

collectors, the optimization algorithm is not driven to find the optimal battery size for 

each system. Yet, if a GSHP with export is present, the battery size should be kept 

low so as to promote heat export, which explains the distribution seen in Figure 3.22. 

3.4.3. Similarities and contrasts 
An important difference arises from the CO2 emission factors in each country: the 

emission factor of electricity is over 3 times higher in the Netherlands than in Finland. 
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A high factor means that a net negative electricity balance can lead to high emission 

levels, but it also means that exporting electricity can compensate a large amount of 

emissions. In turn, this signifies that the environmental attractiveness of converting 

surplus electricity into heat for export is lower in the Netherlands than it is in Finland. 

In the Netherlands, if 1 kWh of surplus electricity is exported to the grid, it 

compensates 0.540 kg CO2eq, while if it were converted to heat and exported to 

replace heat from an NG boiler, it would compensate 0.771 kg CO2eq. Thus, 

converting 1 kWh to heat the system compensates roughly 1.42 times more emissions. 

While this is attractive, in Finland the ratio is considerably higher, at 4.9. 

Moreover, the climatic differences between the Netherlands and Finland have 

notable impacts on onsite energy generation. The higher solar radiation in the 

Netherlands means a higher output per unit of installed capacity than in Finland. As 

an example, a 1-kW PV system delivers 1,111 kWh/a of electricity in the Netherlands 

but only 906 kWh/a in Finland. This, in combination with the different export price 

schemes, could translate into an income of €77.80 in the Netherlands and €29.00 in 

Finland, assuming all the generation is exported as surplus, or into annual savings of 

€222.00 in the Netherlands and €139.00 in Finland, assuming all the generation is 

used onsite. 

Heating systems 

The results of the multiobjective optimizations of heating systems for the Dutch 

case (Figure 3.18) and the Finnish case (Figure 3.21) show that HPs offer the optimal 

solutions for LCCs and CO2 emissions with and without net metering; that is, ASHPs 

in the Dutch case and GSHPs in the Finnish case. However, if heat export is not 

available, the NG boiler has the lowest LCC in the Dutch case regardless of whether 

net metering is available or not. This is attributed to the lower initial investment of 

NG boilers in the Netherlands. Notably, it is found that ASHPs and GSHPs with heat 

export result in the lowest CO2 emissions for both net metering options. 

A reason for the differences between the Dutch and Finnish contexts is the type of 

HPs. In the Netherlands, ASHPs are more common, as winters are milder and the 

component can offer a satisfactory performance throughout the year. This is not the 

case in Finland, where outdoor temperatures during winter are lower and ASHP 

performance is drastically diminished. GSHPs are more common in Finland, as the 
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ground temperature is not as low as the ambient air temperature, which subsequently 

helps the COP to remain acceptable. The borehole, however, must be deep enough to 

ensure that the temperature of the ground does not drop too much in the winter, so it 

can recover during the summer (e.g. in Villa ISOVER the borehole depth is 128 m). 

This is a shortcoming of GSHPs, but not of ASHPs. If large amounts of heat are 

necessary, digging deeper boreholes (as in this study) and/or recharging them—which 

entails higher monetary and/or energetic investments—is required so as to ensure the 

COP is not diminished. However, this obstacle is not present with ASHPs; thus, for 

ASHPs no additional investments are necessary, other than those required to export 

the heat (e.g. connection costs). 
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       Net metering       No net metering 

    

    

    

    

 

Figure 3.22 – Installed capacity of onsite generation and storage components on the 

optimal fronts for GSHPs with and without heat export, and for boilers. Capacities 

are shown for the Finnish case with (left) and without (right) net metering. 
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Fluctuating generation components 

High capacities of PV systems—about 9 to 10 kW for the Dutch case and about 6 to 

10 kW for the Finnish case—are found to be optimal irrespective of heating system 

type in the case of net metering. However, in the case of no net metering, this optimal 

capacity reduces for ASHPs with no heat export to 8 kW in the Dutch case. This 

reduction is even greater in the Finnish case—it is close to zero for GSHPs with no 

heat export. The optimal capacity of a WT system varies from 0 to 10 kW for both the 

Dutch and Finnish cases for all heating systems and net metering options, except 

GSHPs with heat exports in cases of net metering, where the capacity of a WT system 

ranges from 2 to 10 kW. Overall, the behaviour of investments in WT systems shows 

no significant differences between countries. 

ST collectors show more distinct differences between the Dutch and Finnish cases. 

However, in the Finnish case, the investments in ST collectors are rather polarized 

They tend to be low for GSHPs with export, yet high for the two other heat supply 

systems, whereas in the Dutch case, the investments on ST collectors are quite 

scattered and thus less conclusive. 

Electricity storage component 

The availability of net metering is shown to have limited effect on the behaviour of 

the investments on electricity storage components in the Dutch and the Finnish cases, 

with average installed capacities of 3.6 and 2.8 kWh, respectively. Thus, this 

component does not seem to have a strong impact on the system performance of the 

studied cases, with the only remarkable effect of net metering being shown in ASHP 

with heat export in Netherlands. In this case, the availability of net metering had a 

clear effect on battery size since the size on the optimal front is twice as large with no 

net metering than with it.  

3.4.4. Saturation of PV 
Figures 3.19 and 3.221 show that investments in PV systems reach the maximum 

defined in this study in several cases. Thus, extended optimizations for the 

Netherlands and Finland have been conducted to investigate if larger PV systems 

would provide optimal solutions; the results of the previous and the extended 

optimizations for the Netherlands and Finland can be seen in Figure 3.23. The 

maximum PV capacity has been increased to 20 kW, while the ranges for the rest of 
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the variables remain unchanged; Figure 3.24 shows the installed capacity of PV on the 

optimal fronts. Moreover, only the system with the lowest LCC is included, namely 

the ASHP system with heat export in the Netherlands and the GSHP system without 

heat export in Finland. 

  

Figure 3.23 – The extended optimization with up to 20-kW PV for ASHP with export 

in Netherlands (left), and the extended optimization with up to 20-kW PV for GSHP 

without heat export in Finland (right), with (NM) and without (No NM) net metering. 

    

Figure 3.24 – The installed capacity of PV on the optimal front in extended 

optimization with up to 20-kW PV for ASHP with export in Netherlands (left), and the 

installed capacity of PV on the optimal front in the extended optimization with up to 

20-kW PV for GSHP without heat export in Finland (right), with (NM) and without 

(No NM) net metering. 

The results provide two remarkable outcomes. First, the optimal PV capacity does 

not lie within the 10-kW range given in this study, as the Pareto fronts from the 10-

kW optimizations are dominated by the fronts of the 20-kW optimizations in all the 

explored cases. However, it must be underlined that single-family buildings usually 
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have limited rooftop area, and thus installing large PV systems may be unfeasible; this 

is the case in the studied buildings. Second, systems with a LCC lower than in the 

previous optimizations were found for each case. This implies that the LCC optimum 

lied outside the variable ranges investigated in this study, and potentially lies even 

outside the extended PV range. These two outcomes reinforce the need to search for 

the optimal energy system based on the conditions particular to each building, such as 

available rooftop area and energy demand.  
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4. Discussion and conclusions 

4.1. Practical implications 
The most straightforward implications of this study are the potential to allow 

buildings to reach a net positive energy balance, and to convert them from consumers 

into heat and electricity prosumers. This could have several positive consequences, 

such as a reduction in the operational CO2 emissions of building, a lower need for 

centralized energy generation and a higher presence of decentralized generation, and a 

potential reduction in the use of fossil fuels. Another implication is the need to 

develop, test and implement a new business model to allow selling heat to the grid, as 

well as to create and implement the corresponding regulation. While models for 

electricity export are already in place in several countries, there are limited examples 

of models for heat export and they might not be applicable and/or optimal under 

different contexts. The creating of the business model and its regulatory system will 

require multidisciplinary collaboration, and could prove to be challenging. 

A set of remarkable implications of the proposed energy strategy derive from the 

transformation of electricity into heat. First and foremost, the substantial drop in the 

energy quality, or exergy content, limits the usability of the energetic output of the 

system. Electricity is perhaps the most versatile form of energy, as it can be used to 

provide lighting, heating, cooling and ventilation, or to power mechanical systems, 

just to give a couple of examples; in contrast, heat at the temperatures implied in this 

energy strategy can be used for heating or DHW purposes, but little else. Another 

implication involves the mobility or ease of transport of electricity and heat. While 

both incur in transmission losses, electricity can travel at a much higher speed and can 

thus be delivered to purchasers in more remote locations than heat. However, the 

conversion to heat also offers advantages. The transmission system operator can 

benefit from the proposed strategy as it reduces the amount of surplus electricity 

injected into the grid. This is an advantage during particularly sunny days, when 

generation from the PV stock can become difficult to handle.  

From a technical perspective, a notable implication of the solutions presented in this 

study is the increased system complexity. While connecting a building to the district 

heating grid for heat import, installing a PV and/or WT system, and installing a GSHP 

may seem like common procedures, the energy topology suggested here is not usual, 
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and having all these components in a single building may require a high level of 

expertise by the installer or a collaboration between several equipment and service 

providers. These obstacles are certainly surmountable, yet overlooking them can 

increase costs, reduce the system efficiency, or even cause malfunctions.  

The application potential of energy planning and management in the single-family 

households is particularly important: detached and semi-detached houses constitute 

roughly 40% of the building stock in Finland, numbering over one million dwelling 

units (Statistics Finland, 2015a). The results obtained could be used as a reference for 

comparison in the design of buildings in this country, with aims to reach net-zero 

energy buildings. Moreover, these results may serve as benchmark for the 

development and integration of heat and electricity prosumers in other Nordic 

countries, yet it is clear that other obstacles are present in the road towards a 

sustainable built environment, such as having the right policies (Sunikka, 2006) or 

developing functional typologies of the building stock (Kaasalainen & Huuhka, 

2016). 

4.2. Reliability and validity 
It is difficult, if not impossible, to conduct research on innovative strategies without 

needing to make assumptions, and this study was not the exception. Two of the main 

assumptions rely on energy prices. The heat export price was assumed to consist of a 

fraction of the heat import price, and to be constant. The impact of this assumption 

was assessed as part of the sensitivity analysis, showing that it has a notable effect on 

the results but also showing that even at low prices the strategy remains competitive. 

The other assumption related to energy prices is the escalation rate for the prices of 

energy in different forms. These were also addressed in the sensitivity analysis, but 

were assumed to be equal for both imported and exported energy. In the case that 

import prices increase or decrease at a different escalation rate that export prices, the 

economic performance of the system could be affected in ways not addressed in this 

study.  

Another economical aspect that relies on an assumption is the cost of connecting the 

building to the district heating grid for export purposes. In this study, the costs were 

based on the current connection prices or heat import in Finland, since no examples of 

such cost could be found. Moreover, the connection costs were assumed to be covered 
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once, during the initial stage of the investment: the results could be affected if a 

monthly or annual fee needs to be paid, as in the Netherlands. 

As well, it is noted that this study has not investigated all the integration issues that 

arise from allowing prosumers to export energy to a hybrid grid. Exchanging heat and 

electricity between the grid and the building requires detailed considerations to avoid 

instability, and thus studies from a technical perspective should be conducted prior to 

implementing such an energy system.  

Finally, particularly in the model used for the multiobjective optimization, the 

performance of the main heat supply components, such as the GSHP, ASHP, and 

boilers, was assumed to be ideal. That is, the effect that the operating temperatures 

might have on the component efficiency or coefficient of performance was not taken 

into account. This does not mean that the results for the heat export strategy were 

favored by this assumption, however, since the higher outdoor and ground 

temperatures in the summer season could significantly increase the coefficient of 

performance of the heat pumps, but not of the boilers, micro-CHP or DH.  

4.3. Conclusions 
The main system features which allowed reaching and/or surpassing the net zero 

exchange for each performance criterion were investigated. The features are as 

follows: 

 Energy and CO2 emissions: using the surplus electricity to drive a heat pump. 

The installed capacity for PV and ST in the building would be sufficient to reach a net 

energy export of over 4000 kWh/a and a net emissions replacement of approximately 

1500 kgCO2/a. 

 Exergy: replacing the GSHP with a connection to the district heating grid. The 

installed PV and ST capacity in the building would be sufficient to reach the net-zero 

threshold. 

 Primary energy: increasing the size of the PV system to 12.5 kW. 

The results show two meaningful outcomes. On one hand, it can be seen that heat 

pumps are detrimental to reaching the net zero-exergy exchange, compared to plainly 

feeding electricity to the grid. However, heat pumps are beneficial for reaching the net 

zero-energy exchange thanks to their energy factors (or COPs), which are generally 
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higher than one. On the other hand, exporting electricity has higher benefits for the 

primary energy offset, but lower benefits for the CO2 emissions offset, while 

exporting heat has higher benefits for CO2 emissions but lower benefits for the 

primary energy offset. From these effects, two management strategies can be outlined:  

 If the system favours the export of surplus in the form of electricity, the net 

exergy exchange and the primary energy offset are strongly improved, while the 

energy balance and CO2 emissions are moderately improved. 

 If the system favours the export of surplus in the form of heat, the net energy 

exchange and the CO2 emissions offset are strongly improved, the primary energy 

offset is moderately improved, and the net exergy exchange is strongly lessened. 

Nonetheless, it must be mentioned that the two strategies can be merged, so part of 

the surplus electricity can be converted to heat and the rest can be exported as 

electricity. This is a feasible scenario, as a heat pump with a nominal power demand 

of a fraction of the installed PV system could be installed: a fraction of the surplus 

energy would then be converted into heat, increasing the emissions offset and net 

energy export, while exporting the remaining surplus electricity would increase the 

primary energy offset and net exergy export. 

Smart hybrid grids with bidirectional energy exchange would facilitate reaching 

zero-energy and zero-exergy levels in residential buildings in Finland. As seen here, 

there is significant potential: as much as 4000 kWh/a could be exported by a heat 

pump with the installed PV capacity. This quantity is roughly 40 % of the heat that 

the studied building would import from the heating grid to satisfy its heating and 

DHW demand. While bidirectional exchange has been implemented on several 

electrical grids, reaching an agreement between users and heating grid operators is a 

pending task. The potential to make use of surplus heat might help to build a bridge 

between the needs of the parties involved. 

This study presented multiobjective optimizations for CO2 emissions and LCCs of 

residential-scale energy systems with onsite electricity and heat generation 

components. It investigated which system configurations offer the best performance 

based on LCC, operational equivalent CO2 emissions, and exergy, and evaluated 

whether the export of heat can make a significant contribution to this end. Moreover, 
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two different energetic, economic and climatic contexts were explored: the 

Netherlands and Finland. The main outcomes of the study are as follows: 

 Heat pumps represent the optimal main heat supply component in the 

Netherlands and Finland, and the PV system is the most attractive supplementary 

onsite generation component followed by WTs. 

 The environmental attractiveness of converting surplus electricity into heat for 

export is lower in the Netherlands than in Finland due to the CO2 emission factors. In 

the Netherlands, converting 1 kWh of surplus electricity into heat for export 

compensates roughly 1.42 times more emissions than simply exporting the surplus 

electricity; in Finland, the ratio is considerably higher, at 4.9. 

 The maximum optimal PV capacity would likely require an area that exceeds 

the typical rooftop area of a single family building. 

 Energy systems, where surplus electricity is used to drive an ASHP and export 

heat, leads to optimal solutions for CO2 emissions and ΔLCCs in the Netherlands, 

with calculated values of -38 kgCO2eq/(m2 a) and €-84.10/m2 for the cost-optimal 

solution.  

 Energy systems consisting of a GSHP with and without the ability to export heat 

lead to optimal solutions for CO2 emissions and ΔLCCs in Finland, with calculated 

values of 8.9 kgCO2eq/(m2 a) and €-46.50/m2 for the cost-optimal solution. The 

Pareto front consists of systems including a GSHP with the ability to export surplus 

heat, except in its bottom part, which consists of systems without this ability. 

 Net metering allows reducing the calculated LCC of the energy system by 

65.7/m2 in the Netherlands and by 37.7/m2 in Finland. The availability of net 

metering does not affect the performance ranking of the studied heat and electricity 

systems, and no significant differences arise in the energy system configuration if net 

metering is present or not. 

 The sensitivity analysis indicates that, though the economic performance 

changes, the behaviours described in the aforementioned outcomes remain valid under 

different interest rates, energy price escalation rates and heat export prices. 

 Considerable drawbacks of converting surplus electricity into heat for further 

export are the lower exergy content—~16% vs. 100%—and the lower mobility of 

heat compared to electricity. Nevertheless, both drawbacks are surmountable if the 

heat can be used for heating purposes in nearby buildings. 
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The contexts explored in this study give valuable insight into the potential of 

prosumers in central and northern Europe, yet significant differences might arise in 

other geographical locations. Furthermore, the support schemes to promote renewable 

energy systems in single-family houses have a clear effect on the economic 

attractiveness of investing in such components. Finally, the variable ranges should be 

adapted for each particular case, so as to find the optimal energy system for the 

available conditions. 

4.4. Recommendations for future research 
A key aspect that requires further investigation is the effect that heat prosumers 

would have on the performance of the district heating grid. In this study, the grid was 

assumed to remain unaffected by the heat export from the building; nevertheless, if 

several buildings were to export heat, the operating temperatures of the grid, and thus 

its performance, could be affected. As well, this investigation assumed a single 

investor and operator for the energy system. By sharing the system, the economic 

burden and benefits, as well as the improvements in the energy balance, could be 

distributed among two or more prosumers. Therefore, the performance of the energy 

strategy proposed in this study could be tested from on a larger scale, such as a group 

of buildings, a neighborhood, or an entire community, and from different 

perspectives, such as that of the grid operator. 

The optimal solutions presented in the study surpass the energetic and economic 

performance of the reference systems; nevertheless, the optimization was conducted 

for the system design, not for its operation. There is room to improve the performance 

by implementing an energy management system that controls the system operation 

based on the current and upcoming conditions such as weather, energy demand and 

supply, and heat and electricity prices. Ultimately, this study could be redesigned to 

include such energy management system to find different and/or potentially better 

solutions. 

Another option for future research relies on reversible heat pumps. Reversible heat 

pumps have the capability of operating in heating mode and cooling mode. This opens 

a new strategy for the use of surplus electricity: instead of using it to extract heat from 

a storage and export it to the grid, the surplus electricity could be used to extract 

energy from the grid and export it to a storage. This alternative operation requires 
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investigation into operating temperatures, their effect on the heat pump performance, 

cooling prices, and several other parameters, yet it also offers appealing benefits, such 

as recharging the borehole during summer and supplying cooling, which is potentially 

more demanded in summer than heating. 

Furthermore, the operation of the GSHP would benefit from detailed investigation. 

The strategy proposed in this study implies increased utilization of the heat pump 

during the summer. While this does not have significant repercussions for ASHPs – 

other than wear – the temperature of the ground storage could be decreased in the case 

of GSHPs. This would result in a lower COP, and thus a poorer system performance. 

Therefore, it is necessary to ensure that the ground storage is large enough to endure 

the increased heat extraction, to recharge it by means of auxiliary components such as 

ST collectors or, as mentioned above, to operate the GSHP in cooling mode during 

the summer.    

  



100 
 

References 
 

 

Ahmed, K., Pylsy, P. and Kurnitski, J. (2016). Hourly consumption profiles of domestic hot water for 
different occupant groups in dwellings. Solar Energy, vol. 137, pp. 516-530. DOI: 
10.1016/j.solener.2016.08.033. 

Aki, H. (2007). The Penetration of Micro CHP in Residential Dwellings in Japan. Power Engineering 
Society General Meeting. 

Alajmi, A. and Wright, J. (2014). Selecting the most efficient genetic algorithm sets in solving 
unconstrained building optimization problem. International Journal of Sustainable Built Environment, 
vol. 3, pp. 18-26. DOI: 10.1016/j.ijsbe.2014.07.003. 

Allison, J., Cowie, A., Galloway, S., Hand, J., Kelly, N. J, and Stephen, B. (2017). Simulation, 
implementation and monitoring of heat pump load shifting using a predictive controller. Energy 
Conversion and Management, in press. DOI: 10.1016/j.enconman.2017.04.093. 

Beggs, C. (2001). Energy: Management, Supply and Conservation. Taylor & Francis. 

Brange, L., Englund, J. and Lauenburg, P. (2016). Prosumers in district heating networks - A Swedish 
case study. Applied Energy, vol. 164, pp. 492–500. DOI: 10.1016/j.apenergy.2015.12.020. 

Calise, F., Figaj, R. D. and Vanoli, L. (2017). A novel polygeneration system integrating 
photovoltaic/thermal collectors, solar assisted heat pump, adsorption chiller, and electrical energy 
storage: Dynamic and energy-economic analysis. Energy Conversion and Management, in press. DOI: 
10.1016/j.enconman.2017.03.027. 

Cao, S. (2016). Comparison of the energy and environmental impact by integrating a H2 vehicle and an 
electric vehicle into a zero-energy building. Energy Conversion and Management, vol. 123, pp. 153-
173. DOI: 10.1016/j.enconman.2016.06.033. 

Cao, S. & Sirén K. (2015). Matching indices taking the dynamic hybrid electrical and thermal grids 
information into account for the decision-making of nZEB on-site renewable energy systems. Energy 
Conversion and Management, vol. 101, pp. 423-441. DOI: 10.1016/j.enconman.2015.05.053. 

Carvalho, A. D., Moura, P., Vaz G. C. and de Almeida, A. T. (2015). Ground source heat pumps as 
high efficient solutions for building space conditioning and for integration in smart grids. Energy 
conversion and management, vol. 103, pp. 991-1007. DOI: 10.1016/j.enconman.2015.07.032. 

Coninck R.D., Baetens R., Saelens D., Woyte A. & Helsen L. (2014). Rule-based demand-side 
management of domestic hot water production with heat pumps in zero energy neighbourhoods. 
Journal of Building Performance Simulation, vol. 7(4), pp. 271-288. DOI: 
10.1080/19401493.2013.801518. 

Deb, K., Pratap, A., Agarwal, S. and Merayivan, T. (2002). A fast and elitist multiobjective genetic 
algorithm: NSGA-II. IEEE Transactions on evolutionary computation, vol. 6 (2), pp. 182-197. 

Energy Development and Demonstration Program (2014). Guidelines for Low-Temperature District 
Heating. 

EPBD (2010). DIRECTIVE 2010/31/EU of the European Parliament and of the Council of 19 May 
2010 on the energy performance of buildings. The European Parliament and the Council of the 
European Union. 

Espoo (2014). Finnoo - the new sustainable, green maritime city. [Online]. Available: 
http://www.espoo.fi/en-US/Housing_and_environment/City_centres/Espoonlahti/Finnoo. [Accessed 
July 2015]. 



101 
 

European Parliament Think Tank (2016). Electricity "Prosumers. [Online]. Available: 
http://www.europarl.europa.eu/thinktank/en/document.html?reference=EPRS_BRI%282016%2959351
8. [Accessed July 2017]. 

Evins, R. (2015). Multi-level optimization of building design, energy system sizing and operation. 
Energy, vol. 90, pp. 1775-1789. DOI: 10.1016/j.energy.2015.07.007. 

Faninger-Lund, H. (2002). Road-map for solar energy technology and markets in Finland. Retrieved 
from http://www.kolumbus.fi/solpros/reports/Map_loppura.pdf. 

Ferreira, M., Almeida, M., Rodrigues, A., & Monteiro Silva, S. (2014). Comparing cost-optimal and 
net-zero energy targets in building retrofit. Building Research & Information, vol. 44(2), pp. 188-201. 
DOI:10.1080/09613218.2014.975412. 

Finnish Energy Industries (2007). Correct use of district heat. Retrieved from 
https://www.oulunenergia.fi/sites/default/files/attachments/correct_use_of_districtheat_0.pdf. 

Finnish Meteorological Institute (2016). Heating Degree Days. URL: 
http://en.ilmatieteenlaitos.fi/heating-degree-days. 

Finnish Ministry of Environment, Department of the Built Environment (2011). D3 Suomen 
rakentamismääräyskokoelma [National Building Code of Finland, Part D3]. Retrieved from 
http://www.finlex.fi/data/normit/37188/D3-2012_Suomi.pdf 

Hamdy, M., Hasan, A. and Siren, K. (2013). A multi-stage optimization method for cost-optimal and 
nearly-zero-energy. Energy and Buildings, vol. 56, pp. 189-203. DOI: 10.1016/j.enbuild.2012.08.023. 

Hepbasli, A. (2012). Low exergy (LowEx) heating and cooling systems for sustainable buildings and 
societies. Renewable and Sustainable Energy Reviews, vol. 16, pp. 73-104. DOI: 
10.1016/j.rser.2011.07.138. 

Hirvonen, J., Kayo, G., Hasan, A. and Siren, K. (2016). Zero energy level and economic potential of 
small-scale building-integrated PV with different heating systems in Nordic conditions. Applied 
Energy, vol. 167, pp. 255-269. DOI: 10.1016/j.apenergy.2015.12.037. 

IBPSA-Nordic (2017) Tools – MOBO. Available: http://ibpsa-nordic.org/tools.html. 

Judson. E. P., & Maller C. (2014). Housing renovations and energy efficiency: insights from 
homeowners’ practices. Building Research & Information, vol. 42(4), pp. 501-511. DOI: 
10.1080/09613218.2014.894808. 

Kaasalainen, T., & Huuhka, S. (2016). Homogenous homes in Finland: ‘standard’ flatis in non-
standardized blocks. Building Research & Information, vol. 44(3), pp. 229-247. DOI: 
10.1080/09613218.2015.1055168. 

Kalamees, T., Jylha, K., Tietäväinen, H., Jokisalo, J., Ilomets, S., Hyvönen, R. and Saku, S. (2012). 
Development of weighting factors for climate variables for selecting the energy reference year 
according to the EN ISO 15927-4 standard. Energy and Buildings, vol. 47, pp. 53-60. DOI:  

Kılkış, Ş (2015).  Exergy transition planning for net-zero districts. Energy, vol. 92, pp. 515-531. DOI: 
10.1016/j.energy.2015.02.009. 

Kılkış, Ş. (2012). A net-zero building application and its role in exergy-aware local energy strategies 
for sustainability. Energy Conversion and Management, vol. 63, pp. 208-217. DOI: 
10.1016/j.enconman.2012.02.029. 

Kılkış, Ş. (2011). A Rational Exergy Management Model to curb CO2 emissions in the exergy-aware 
built environments of the future. Stockholm: KTH Royal Institute of Technology, School of 
Architecture and the Built Environment. 

Kotireddy, R., Hoes, P.-J., and Hensen, J.L. (2015). Optimal balance between energy demand and 
onsite energy generation for robust net zero energy buildings considering future scenarios. Proceedings 



102 
 

of BS2015: 14th Conference of International Building Performance Simulation Optimization, 
Hydebarad, India. 

Lu, H., Alanne, K. and Martinac, I. (2014). Energy quality management for building clusters and 
districts (BCDs) through multi-objective optimization. Energy Conversion and Management, vol. 79, 
pp. 525-533. DOI: 10.1016/j.enconman.2013.12.051. 

Lund, H., Werner, S., Wiltshire, R., Svendsen, S., Thorsen, J.E., Hvelplund, F., & Mathiesen, B.V. 
(2014). 4th Generation District Heating (4GDH): Integrating smart thermal grids into future sustainable 
energy systems. Energy, vol. 68, pp. 1–11. DOI: 10.1016/j.energy.2014.02.089. 

Lund, H., Möller, B., Mathiesen, B. and Dyrelund, A. (2010). The role of district heating in future 
renewable energy systems. Energy, vol. 35, pp. 1381-1390. DOI: 10.1016/j.energy.2009.11.023. 

Marszal, A.J. and Heiselberg, P. (2011). Life cycle cost analysis of a multi-story residential Net Zero 
Energy Building in Denmark. Energy, vol. 36, pp. 5600-5609. DOI: 10.1016/j.energy.2011.07.010. 

Mathiesen, B., Lund, H., Connolly, D., Wenzel, H., Østergaard, P., Möller, B., Nielsen, S., Ridjan, I., 
Sperling, K., & Hvelplund, F. (2015). Smart Energy Systems for coherent 100% renewable energy and 
transport solutions. Applied Energy, vol. 145, pp. 139-154. DOI: 10.1016/j.apenergy.2015.01.075. 

McKenna, R., Merkel, E. and Fichtner, W. (2017). Energy autonomy in residential buildings: A 
techno-economic model-based analysis of the scale effects. Applied Energy, vol. 189, pp. 800-815. 
DOI: 10.1016/j.apenergy.2016.03.062. 

Mohamed, A., Hamdy, M., Hasan, A. and Sirén, K. (2015). The performance of small scale multi-
generation technologies in achieving cost-optimal and zero-energy office building solutions. Applied 
Energy, vol. 152, pp. 94-108. DOI: 10.1016/j.apenergy.2015.04.096. 

Nielsen, S. and Möller, B. (2012). Excess heat production of future net zero energy buildings within 
district heating areas in Denmark. Energy, vol. 48, pp. 23-31. DOI: 10.1016/j.energy.2012.04.012. 

Nord, N., Qvistgaard, L. H., & Cao, G. (2016). Identifying key design parameters of the integrated 
energy system for a residential Zero Emission Building in Norway. Renewable Energy, vol. 87, pp. 
1076-1087. DOI: 10.1016/j.renene.2015.08.022. 

Nord Pool (2017). Available: http://www.nordpoolspot.com/. 

Paiho, S. and Reda, F. (2016). Towards next generation district heating in Finland. Renewable and 
Sustainable Energy Reviews, vol. 65, pp. 915-924. DOI: 10.1016/j.rser.2016.07.049. 

Palonen, M., Hamdy, M. and Hasan, A. (2013). MOBO - A new software for multi-objective building 
performance optimization. Proceedings of BS2013: 13th Conference of International Building 
Performance Simulation Association. 

Pidwirny, M. (2012). Moist Continental Mid-latitude Climates - D Climate Type. URL: 
http://editors.eol.org/eoearth/wiki/D_-_Moist_Mid-Latitude_Climates_with_Cold_Winters. 

Rao, S. S. (2009). Engineering Optimization: Theory and Practice. John Wiley & Sons, Inc. 

Razmara, M., Maasoumy, M., Shahbakhti, M., & Robinett III, R. (2015). Optimal exergy control of 
building HVAC system. Applied Energy, vol. 156, pp. 555-565. DOI: 10.1016/j.apenergy.2015.07.051. 

Sartori, I., Napolitano, A., and Voss, K. (2012). Net zero energy buildings: A consistent definition 
framework. Energy and Buildings, vol. 48, pp. 220-232. DOI: 10.1016/j.enbuild.2012.01.032. 

Schmidt, D. (2009). Low exergy system for high-performance buildings and communities. Energy and 
Buildings, vol. 41, pp. 331-336. DOI: 10.1016/j.enbuild.2008.10.005. 

Schubert, M. (2012). Solar district heating guidelines - Decentral integration of ST in DH systems. 
Retrieved from www.solar-district-heating.eu. 



103 
 

Short, W., Packey, D.J. and Holt, T. (1995). A Manual for the Economic Evaluation of Energy 
Efficiency and Renewable Energy Technologies. National Renewable Energy Laboratory. 

Statistics Finland (2015a). Dwellings and housing conditions 2014, Overview. Helsinki. Retrieved 
from Statistics Finland website: www.stat.fi/til/asas/2014/01/asas_2014_01_2015-10-14_en.pdf 

Statistics Finland (2015b). Carbon dioxide emissions from heat and power production. Retrieved from 
http://pxweb2.stat.fi/sahkoiset_julkaisut/energia2014/html/engl0011.htm. 

Sunikka, M. (2006). Energy efficiency and low-carbon technologies in urban renewal. Building 
Research & Information, vol. 34 (6), pp. 521-533. DOI: 10.1080/09613210600660976. 

Terés-Zubiaga, J., Jansen, S., Luscuere, P., & Sala J. (2013). Dynamic exergy analysis of energy 
systems for a social dwelling and exergy based system improvement. Energy and Buildings, vol. 64, 
pp. 359-371. DOI: 10.1016/j.enbuild.2013.05.034. 

Torío, H., Angelotti, A. and Schmidt, D. (2009). Exergy analysis of renewable energy-based 
climatization systems for buildings: A critical review. Energy and Buildings, vol. 41, pp. 248-271. 
DOI: 10.1016/j.enbuild.2008.10.006. 

Torío, H. and Schmidt, D. (2010). Framework for analysis of solar energy systems in the built 
environment from an exergy perspective. Renewable Energy, vol. 35, pp. 2689-2697. DOI: 
10.1016/j.renene.2010.04.015. 

Torío, H. and Schmidt, D. (2011). Low exergy systems for high-performance buildings and 
communities (Annex 49 Final Report). Retrieved from 
http://www.annex49.info/download/Annex49_guidebook.pdf 

Visscher, H., Meijer F., Majcen, D., & Itard, L. (2016). Improved governance for energy efficiency in 
housing. Building Research & Information, vol. 44, pp. 552-561. DOI: 
10.1080/09613218.2016.1180808. 

Wemhoener, C., Haessig, W., Wyss, S. & Staubli, J. (2017). Heat pump application in nearly zero 
energy buildings. Science and Technology for the Built Environment, vol. 23, pp. 637-650. DOI: 
10.1080/23744731.2016.1239467. 

Woudstra N. and T. van der Stelt, T. (2003). Exergy analysis of combustion systems. Proceedings of 
Ecos 2003, the 16th International Conference on Efficiency, Cost, Optimization, Simulation and 
Environmental Impact of Energy Systems. 

Zanghirella,F., Canonaco, J., Puglisi, G. and Di Pietra, B. (2016). Introducing solar thermal "net 
metering" in an actual small-scale district heating system: a case-study analysis. 71st Conference of the 
Italian Thermal Machines Engineering Association, Turin, Italy. 

 



lliw noinU naeporuE eht ni sgnidliub wen llA  
ygrene orez ylraen eb ot deriuqer eb noos  

eht htiw noitanibmoc ni ,sihT .sgnidliub  
elbawener laitnediser fo ytiralupop gnisaercni  

wen rof deen eht etaerc lliw ,metsys ygrene  
ygrene dezilartneced eganam ot seigetarts  

dna taeh eht seiduts siseht sihT .noitareneg  
sti swohs dna ,remusorp yticirtcele  

 .stfieneb lacimonoce dna latnemnorivne

-o
tl

a
A

D
D

 
3

6
/

 8
10

2

 +f
jcjh

a*GM
FTSH

9  NBSI 5-9297-06-259-879  )detnirp( 
 NBSI 1-0397-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE fo loohcS  
gnireenignE lacinahceM fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 o
da

gl
e

D 
eu

qi
rn

a
M 

ni
ma

jn
e

B
ta

eh
 s

a 
s

me
ts

ys
 n

oi
ta

re
ne

g 
et

is
no

 h
ti

w 
sg

ni
dli

ub
 y

gr
en

e 
or

ez
-y

lr
ae

n f
o 

ec
na

mr
of

re
p 

eh
T

 
 

me
ts

ys
 y

gr
en

e 
eh

t 
ni 

sr
e

mu
so

rp
 y

ti
ci

rt
ce

le
 d

na
 y

ti
sr

ev
i

n
U 

otl
a

A

 8102

 gnireenignE lacinahceM fo tnemtrapeD

-ylraen fo ecnamrofrep ehT
htiw sgnidliub ygrene orez  
smetsys noitareneg etisno  

yticirtcele dna taeh sa  
ygrene eht ni sremusorp  

 metsys

 odagleD euqirnaM nimajneB

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2018_063_Delgado_verkkoversio



