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A B S T R A C T

The complexity of finding solutions to reach energy sustainability in the built environment poses a significant
challenge. Therefore, there is interest in adequate management of the generation, conversion, storage, use and
exchange of heat and electricity. The novelty of this study exists in presenting and comparing multiobjective
optimizations for operational CO2 emissions and lifecycle costs (LCC) of heat and electricity prosumers in the
Netherlands and Finland, with and without net-metering. The premise relies on using surplus electricity to drive
heat pumps for heat export instead of exporting surplus electricity. In the Netherlands, the calculated cost
optimal solutions consist of using surplus electricity to drive an air source heat pump and export heat, with CO2

emissions and ΔLCC of −41.1 kgCO2eq/(m2 a) and €−69.7/m2 (22% lower), respectively. In Finland, the heat
export strategy allows a ΔLCC of €−24.5/m2 (8% lower), with CO2 emissions reduced by −32.5 kgCO2eq/(m2

a). Without net-metering, the ΔLCC of the energy system rises to €−4/m2 in the Netherlands; with net metering,
the ΔLCC lowers to €−65.6/m2 in Finland. The results indicate the potential for significant economic and
emission reductions in heat and electricity prosumers.

1. Introduction

Through the Energy Performance of Building Directive (EPBD), all
Member States of the European Union agreed to find and implement
solutions to reach energy sustainability in the built environment [1].
This has sparked a vast amount of discussion and research in the
countries involved, as each of them has its own socio-economical,
cultural and environmental context, and thus each of them needs to find
its own most suitable solution(s). This is seen in the varying building
energy standards or references defined by each country, such as the
Energy Saving Ordinance in Germany [2], the Nearly Energy Neutral
Buildings (BENG) in the Netherlands [3], the French Thermal Regula-
tion [4] and the National Building Code of Finland [5].

A topic that faces a high level of complexity is the interaction be-
tween the different forms of energy generated onsite and the energy
demand of the building, which in turn influence the unidirectional and
bidirectional exchanges between the building and the grid(s) [6].
Georges et al. [7] investigated the potential to improve the balance
between onsite generation and demand. They found that load

management and optimal sizing of photovoltaics (PV) systems en-
hanced load matching, cost savings and CO2 emission reductions.
Brange et al. [8] studied heat prosumers in Sweden and showed their
potential to contribute significant amounts of heat to district heating
grids, heat prosumers being buildings that generate a surplus of heat and
export it beyond the system boundaries. Salom et al. [6] discuss in-
dicators that aim to measure the interaction between generation, de-
mand and grid, such as load matching or grid interaction. The authors
highlight on the need to identify appropriate values for each of these
indicators based on the type of building, the climate, and the energy
type. Even though a net-zero energy building is commonly thought to
be a building where the annual electricity consumption is equal to its
annual electricity generation [9], buildings hardly rely on only one
form of energy. Thus, Cao et al. [10,11] identified the need for differ-
entiating between electricity, heating and cooling, and developed and
tested separate indicators for each. Their study shows the complexity of
evaluating the performance of a system that includes energy grid con-
nections, generation and storage components for different forms of
energy. Moreover, in the definition of the 4th Generation District
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Heating, Lund et al. [12] contemplate smart interaction between the
grid and the fluctuating energy sources, such as PV systems or wind
power, and they warn that grid interaction with low-energy buildings is
a major challenge since low-temperature sources and heat recycling
might be required. Therefore, there is interest in adequate management
of the generation, conversion, storage, use and exchange of various
forms of energy in the built environment; failing to do so might leave
the optimal solutions out of reach.

The complexity of this problem poses a significant challenge to the
scientific community across Europe, since building topology, insulation
levels, climate, energy supply and demand, prices, regulatory frame-
works, and several other conditions must be addressed to evaluate the
building performance. Single or multiobjective optimization can assist
in this endeavor since it allows identifying optimal solutions when
several variables are present. Multiobjective optimization enabled
Mohamed et al. [13] to evaluate system configurations for small-scale
multigeneration technologies in zero-energy buildings. The authors
identified the optimal solutions in terms of cost and environmental
benefits, as well as the effect of including PV panels in the system. The
mixed integer linear programming approach by Harb et al. [14] showed
that the optimal design and operation strategy of energy systems de-
pends on the type of residential building. In their study, they found that
boilers in combination with PV are preferable for single-family houses,
while combined heat and power (CHP) and local heating networks are
preferable for larger buildings and neighborhoods, respectively. Hamdy
et al. [15] conducted a multi-stage optimization process to find the
optimal combinations of building envelope and heat recovery options,
and the corresponding optimal heating/cooling systems. Through this
process, the authors found that fulfilling and surpassing the current
energy standards in Finland can be achieved in a cost-optimal way, yet
incentives are required get close to the net-zero energy level. While
these are only a few examples of optimization studies on energy system
design and/or management in the built environment, they illustrate the
level of problem complexity that this method can handle and the
quality of the information it can provide.

The reported literature gives an insight into the applicability of
optimization in the study of the built environment, and into the chal-
lenge of optimal design and management of onsite energy systems.
Thus, it is apparent that optimization can allow finding the energy
solutions in buildings that deliver the best performance. Further, in-
vestigating heat and electricity, as opposed to simply energy, presents

alternatives to how buildings can manage their onsite generation, and
how they can exchange energy with its surroundings. As a result,
multiobjective optimization of onsite heat and electricity systems in the
buildings arises as an opportunity to come closer to sustainability in the
built environment. This was investigated by Manrique Delgado et al.
[16], where optimized energy systems for heat and electricity prosu-
mers in Finland were presented. The study focuses on the environ-
mental, economic and exergetic performance of a residential building
with several energy configurations. Among them, an option to use a
ground source heat pump (GSHP) to convert surplus electricity into
heat for further export was presented and compared to other traditional
heat supply options such as CHP and district heating. The results show
that the heat export strategy can lead to optimal solutions concerning
operational CO2 emissions and lifecycle costs, yet the most cost-optimal
solution is reached with a more conventional GSHP system without heat
export capability. Overall, the results indicate potential and encourage
further investigation of heat and electricity prosumers, particularly
regarding their performances under various economical, climatic and
energetic contexts.

The current study investigates the developed methodology [16] for
its suitability in different conditions (the Netherlands) in order to
evaluate the generic nature of the methodology. For this purpose,
multiobjective optimizations for operational CO2 emissions and life-
cycle costs (LCC) of heat and electricity prosumers in the Netherlands
and Finland. It relies on using surplus electricity to drive heat pumps
with the purpose of exporting heat, instead of exporting the surplus
electricity. While this aspect has been presented and investigated pre-
viously [16–18], the topic remains far from exhausted. The novelty of
this article relies on four cornerstones. First, it presents the economic
and emissions performance of heat and electricity prosumers in the
Netherlands and describes the optimal energy system configurations.
Second, the study presents the similarities, contrasts and transferable
conclusions between prosumers in Netherlands and Finland. This pro-
vides an insight into the performance of the energy systems in two
different contexts where climate, building typology, economic para-
meters, and energy practices are different. Third, the presence and ca-
pacity of the generation and storage components along the optimal
fronts is studied in detail, and guidance on how to prioritize invest-
ments is given. Fourth, the article investigates the consequences for
heat and electricity prosumers, and for regular prosumers, of a possible
phase-out of net-metering in the Netherlands—which could lead to a

Nomenclature

Abbreviations

ASHP air source heat pump
DH district heating
DHW domestic hot water
FH floor heating
GSHP ground source heat pump
HWST hot water storage tank
LCC lifecycle cost
NG natural gas
NPV net present value
NSGA-II non-dominated sorting genetic algorithm II
NZEB net-zero energy building
O&M operation and maintenance
PE primary energy
PV photovoltaic
ST solar thermal
VAT value added tax
WT wind turbine
WP wood pellet

Symbols

Anet net conditioned area
Asalv salvage value
C expense
CO2,eq equivalent CO2 emissions
exp export
E energy
El electricity
F1, F2 objective functions
F fuel
fCO2 specific emissions factor
Iini initial investment
imp import
net net
single single
th thermal
Q heat
X exergy
x continuous design variable
y discrete design variable

B. Manrique Delgado et al. Energy Conversion and Management 160 (2018) 495–508

496



poorer economic performance—and whether investments on energy
components should be prioritized differently. Additionally, this study
serves to reassert the potential of the heat export method by in-
vestigating its results under circumstances different from those in pre-
vious articles.

2. Description of the Dutch and Finnish contexts

This section presents the main characteristics of the Dutch and
Finnish cases. The aim of the study is to address typical single-family
households in the Netherlands and Finland adhering to the respective
regulations. Further, cases with and without net-metering are studied
for both countries, with the aim to test the system performance under
current and hypothetical conditions. For instance, while district heating
systems are not very common in the Netherlands, they are being en-
couraged [3]. In addition, a subcase is presented where CO2 and initial
investment are optimized. For detailed data, such as initial investments,
O&M expenses and connection costs, please refer to Appendix A.

2.1. Buildings

The selected buildings adhere to strict building regulation frame-
works in the Netherlands and Finland; Table 1 shows several of their
features. In the Netherlands, the building is a semi-detached terraced
house, which is a typical Dutch residential house [19,3], representing
about 40% of Dutch households [20]. The building is based on the
BENG (Nearly Zero Energy Building) reference building by the Neth-
erlands Enterprise Agency (RVO) [3]. A detailed description and the
layout of the three-storey building can be found in Kotireddy et al. [21].
The Finnish building is based on Villa ISOVER, a pilot project between
the two companies ISOVER and Fortum on the incorporation of onsite
generation components in a highly-insulated single-family house. It is a
detached two-storey building that adheres to and exceeds the regula-
tions in Decree D3 of the National Building Code of Finland [5]. Further
information about Villa ISOVER is available in [22,23]. The simulation
model for Villa ISOVER was calibrated and validated based on mea-
sured data from the building [17], with errors between the simulated
and measured data of roughly 5% and 3% for energy demand and
supply, respectively.

2.2. 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 [24]—and air source heat pumps (ASHP) with and
without heat export, whereas in Finland, the options are wood pellet
(WP) boilers, and GSHP with and without export. Boilers cannot be
operated with electricity, and thus offer no potential to convert surplus
electricity into heat for further export. Heat pumps offer this possibility,
and they are also common in both countries. Also, they produce 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 [25],
while GSHPs have been suggested as optimal solutions for single-family
buildings in Finland [26]. All heat supply options are assumed to in-
clude a hot water storage tank (HWST) with a capacity of 750 L

2.3. Economic aspects

The energy prices depend on the energy carrier, the case study and
the country. The Netherlands has implemented support mechanisms for
residential onsite generation technologies, such as net-metering and tax
deductions. Net-metering allow users to import and export energy from
and to the grid whenever required, ideally at the same price. There is a
limitation in the Netherlands: if annual export exceeds the annual im-
port, the surplus is paid at a lower rate [27]. It is uncertain whether this

support scheme will continue beyond 2020 [28,29]. Finland has not
implemented net-metering; the import price includes the spot market
price in NordPool [30] plus an energy tax and a transmission fee, and
the export price consists only of the spot market price minus a com-
mission fee. Table 2 shows the electricity import and export prices and
feed-in tariff rates of the net-metering scenarios for both countries. 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 ter-
mination, the lower feed-in tariff rates of the net-metering scenario are
used for exported electricity irrespective of the annual energy balance.
In Finland, the import and export electricity prices with net-metering
are assumed to be equal to the respective average prices in 2015.

Regarding the price of exported heat, assumptions have been made
for both countries, as such strategy has been implemented to a very
limited extent. An example is the open district heating grid in
Stockholm, one of the few existing grids that supports the heat export
strategy [31]. 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 district heating grid; these price
assumptions are comparable with the prices in the open district heating
grid in Stockholm. The heat export prices in the Netherlands and Fin-
land at the beginning of the simulation amount to €0.034/kWh and
€0.038/kWh, respectively.

The electricity price escalation rates in the Netherlands and Finland
are 1% and 4%, respectively, calculated based on the nominal historical
prices as shown in Fig. 1. These prices correspond to the average values
for each year, unadjusted for inflation or else. The price of NG in the
Netherlands and the price of wood pellets (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%, re-
spectively. 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 photovoltaic (PV) systems is
returned. In Finland, a 45% tax deduction can be applied for on the
installation costs of PV and wind turbine (WT) systems [34].

2.4. Emission factors

The specific emission factors in the Netherlands and Finland for the
energy carriers are shown in Table 3. Exported energy is assumed to
replace energy production by the utilities, and thus there is no dis-
tinction between factors for the import and export of electricity. It is
also assumed that the generation from PV, WT and solar thermal (ST)
collectors has no operational emissions. Regarding heat export, in the
Netherlands, it is assumed to have an emission factor of 220.3
kgCO2eq/MWh (replacing heat supplied by an NG boiler). In Finland,
heat export is assumed to replace import from a district heating grid,
with an emission factor of 245 kgCO2eq/MWh [37].

Table 1
Features of the buildings modelled for the Dutch and Finnish cases.

Feature Unit The 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) 37.9 47.6
DHW L/day/person 58.8 36.5
Electricity (Appl. & Lighting) kWh/(m2 a) 33.7 29.2
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3. Research method

In this section, the definition of the optimization problem and the
approached method are presented. This includes the optimization
problem itself, the mathematical expressions used to calculate the ob-
jective functions, the design variables, the simulation environment, and
the multiobjective optimization tool and algorithm.

3.1. The optimization problem

The optimization problem in each case study is defined as

x y x yF FMin{ ( , ), ( , )}1 2 (1)

where

= =x yx x x x y y( , , , ) and ( , )PV WT ST Battery
T

STConn HeatSys
T (2)

where F1 and F2 are the objective functions, vector x contains the
continuous design variables and vector y contains the discrete design
variables. The problems are unconstrained. Each decision variable (for
a detailed description, see Tables 4 and 5) represents (i) the installed
capacity of the system components, xPV, xWT, xST, xBattery, (ii) whether
the ST collectors can export heat or not, ySTConn, or (iii) the main heat
supply component, yHeatSys.

3.2. Objective functions

The objective functions in this study are the annual operational
equivalent CO2 emissions of the system, and its LCC. For simplicity, the
annual operational equivalent CO2 emissions are henceforth referred to
simply as CO2 emissions.

The CO2 emissions CO2,eq in kgCO2eq/(m2 a) are calculated as

=

− + + −El El f E f E f Q f

A
CO

( )· · · ·
,eq

imp exp CO El NG CO NG WP CO WP exp CO off

net
2,

2, 2, 2, 2,

(3)

where Elimp and Elexp are the annual electricity import and export re-
spectively, ENG and EWP are the NG and WP energy demand respec-
tively, Qexp is the exported heat and fCO EL2, , fCO NG2, , and fCO WP2, are the
specific emissions factors for electricity, NG and WP respectively. fCO off2,
is the specific emissions factor for emissions reduction by heat export,
which is calculated independently for each case study.

The LCC of the system is calculated as

= + + + +LCC I C C C A ,ini O M single E salv& (4)

where the net present value (NPV) of operational cash flows and sal-
vage values are considered. Iini represents the initial investment in-
cluding component prices, installation costs and connection costs, CO M&
represents the discounted operation and maintenance (O&M) costs of
the system components, Csingle represents the discounted single entry
expenses that occur every few years, such as component replacements,
CE represents the discounted cash flow due to energy and/or fuel pur-
chases and sales along with any service fees that may apply, and Asalv
represents the discounted salvage value of the components that can be
sold at the end of the lifetime considered in this study. To account for
the price development of the energy carriers, the NPV calculation of CE

uses a real interest rate that reflects price escalation rates. To focus on
the influence of the design variables, and for ease of interpretation, a
differential lifecycle cost LCCΔ . is used, which is the difference between
each case—with different values for the design variables—and the re-
ference case—which represents the most common energy supply
method in each country; the latter is defined independently for each
case study.

Table 2
The electricity import and export prices with and without net-metering in the Netherlands and Finland [30,32,33] in euro cents per kWh. The annual balance is positive if the exported
electricity is larger than the imported electricity, and vice versa.

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 2016 was €cent3.2.
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Fig. 1. The historical prices and price trends for various energy carriers for detached
houses in the Netherlands [35] and Finland [33,36]. (El.: electricity; NG: natural gas; WP:
wood pellets; NL: Netherlands; FI: Finland).

Table 3
The specific emission factors fCO2 in kgCO2eq/MWh for the energy carriers in the
Netherlands and Finland used in this study.

Energy carrier The Netherlands [38,39] Finland [37,40]

Electricity 540 173
Natural Gas 202 –
Wood Pellets – 43

Table 4
Design variables in the optimization.

Design
variable

Component
[units]

Type Lower limit Upper limit

xPV PV [kWp] Continuous 0 10
xWT WT [kWp] Continuous 0 10
xST ST [m2] Continuous 0 10
xBatt Battery [kWh] Continuous 0 10
ySTConn Heat export by ST Discrete 0 (Not allowed

to export)
1 (Allowed to
export)

yHeatSys Heat supply
component

Discrete 1 6
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3.3. Design variables

The design variables in this study represent the options for onsite
heat and electricity generation, storage and exchange. They address the
installed capacity of PV, WT and ST collectors, the battery size, ability
of the ST collectors to export heat, and the maineat supply component.
The maximum size of the PV system has been defined based on the
rooftop area of the reference buildings; a comparable size for the WT
system has been defined. The lower limit for the battery state of charge
is 30%. The particular characteristics of the variables are shown in
Tables 4 and 5. One multiobjective optimization process is performed
for each tag value of variable yHeatSys; this allows finding the optimal
results for each heating system and prevents loss of information, thus
overall offering a better basis for the analysis and comparison of the
results. Moreover, since the tag values represent different components
rather than more typical increasing or decreasing values, running a
single optimization for all tags of yHeatSys is detrimental to the quality of
the results.

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 (see
Table 5). This approach is taken based on Manrique Delgado et al. [16],
where the results indicated that a higher installed capacity is preferred
when heat export is allowed.

In order to ensure that heat export by the ST collectors, GSHP or
ASHP has no negative impact on the energy supply of the building, the
following rules have been implemented:

– The ST system can export heat only if the temperature in the bottom
of the HWST is 60 °C or higher.

– The GSHP and ASHP can export heat only if the electricity demand
of the building is covered (i.e. the GSHP or ASHP are operated with
surplus electricity), the heat demand of the building is covered
(satisfying the heat demand of the building has priority over heat
export), and the battery is fully charged.

3.4. Simulation and multiobjective optimization

The building and energy systems have been modeled in TRNSYS 17,
a simulation environment for transient systems [41]. The simulation
corresponds to one year of operation, with a time-step of 0.25 h. The
model includes a network comprising the energy generation, storage
and demand components, the connections between them, the weather
processors and the required control systems. Moreover, the calculation
of the objective functions takes place within the model, not during post-
process. The weather input for the Netherlands is based on the typical
climate reference year NEN 5060:2008, which is based on the average
months of 20 years of historical data [42]. The weather input for Fin-
land is based on the test reference year TRY2012 [43].

The optimization process was performed in MOBO, a tool for

multiobjective building performance optimization [44,45]. The opti-
mization algorithm Pareto archive NSGA-II has been chosen from the
algorithm library available in MOBO. NSGA-II stands for Nondominated
Sorting Genetic Algorithm II, an evolutionary algorithm developed by
Deb et al. [46]. As recommended by Alajmi et al. [47], the population
size is small, the crossover probability is high and the mutation rate is
low, with values of 8, 100% and 20%, respectively. To find out the
number of generations needed to find the optimal (or near-optimal)
solutions, a pre-optimization process with 100 generations was con-
ducted and the number of generations after which the Pareto front no
longer showed a significant improvement was found. Further in-
formation about this procedure is given in [16]. The number of gen-
erations was set at 45, for a total of 360 simulations per case study.
Different values in the variables, particularly in variable yHeatSys, lead to
different simulation times and subsequently to different optimization
times. A defined optimization time can thus not be given, only an ap-
proximate of roughly 1.5–2 days of calculation time per optimization,
for a total of 20–22 days for the entire set of optimizations. A flow
diagram of the simulation and optimization process is shown in Fig. 2.
Both the TRNSYS model and the optimization have been implemented
with standard and/or available components and tools (e.g. Type94b for
PV, Type1a for ST). Therefore, the method used in this study can be
replicated through the use of similar dynamic simulation environments
and optimization tools.

4. Results & discussion

In this section, the results of the multiobjective optimizations are
presented and discussed. First, those related to the Netherlands, fol-
lowed by those related to Finland; the section closes with a comparison
between the two countries.

4.1. The Netherlands

The Pareto fronts for the three heating systems for the Dutch case
with and without net-metering are shown in Fig. 3. 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. The

Table 5
Features of the design variable for the main heat supply component yHeatSys.

Heat supply
component

Tag in
yHeatSys

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 4.4 NL
4 8 Allowed 4.4 NL

WP boiler 5 7 Not allowed 90% FI
NG boiler 6 18 Not allowed 91.7% NL

a Based on NIBE F1145 (https://www.taloon.com/maalampopumppu-nibe-f1145-6-
kw/LVI-5,361,528/dp?openGroup=267).

b Based on Mitsubishi Electric PUHZ-SW75VHA (https://planetaklimata.com.ua/instr/
Mitsubishi_Electric/Mitsubishi_Electric_Ecodan_Data_Book.pdf).

Define the 
optimization 

problem

Rank the 
population, 

based on Eq. (1)

Create offspring by 
selection, crossover 

& mutation.

Yes

Combine the parent 
and offspring 
populations

Rank the resulting 
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on Eq. (1)

Select the next 
parent generation

Max gen. 
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results show that ASHPs offer the optimal solutions under both net-
metering options, provided that there is a provision for heat export.
This is attributed to the higher monetary income from exported heat, of
€0.13, than from exported electricity (assuming an annual surplus), of
€0.07. In case of net-metering, NG boilers have a lower ΔLCC compared
to ASHPs without heat export due to the lower investment cost of
boilers. However, as more onsite generation capacity is available, the
optimal option between an NG boiler and an ASHP without heat export
depends on net-metering: if net-metering is available, ASHP is preferred
in most of the front, whereas if net-metering is not available, ASHP and
NG boiler compete closely along the front. This is because an ASHP
benefits more from net-metering—an electricity oriented support
scheme—than an NG boiler.

An ASHP with heat export has the lowest ΔLCC with net-metering
compared to other heating systems: €−69.70/m2 with CO2 emissions of
−41.1 kgCO2eq/(m2 a), yet increases to €−4.0/m2 without net-me-
tering, with 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
to €−17.5/m2, and CO2 emissions increase to −26.6 kgCO2eq/(m2 a)
with net-metering, and to €71.1/m2 and CO2 emissions of −15.2
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 ex-
ported 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. A detailed investigation on the cost-optimal systems is shown
in Appendix B.

It can be observed from Fig. 4 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 ob-
served for ST and battery for both net metering options.

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. 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. Overall, the optimal capacity of a PV system for the three
heating systems is between 9 and 10 kW, with a few solutions between
8 and 9 kW. An investigation on larger installed capacities of PV can be
found in Appendix B.

In contrast to the optimal capacities of PV systems, the trends for the
optimal capacity of WTs cover the entire range for the three heating
systems with and without net-metering. There is no observable influ-
ence 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.
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Fig. 3. 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.
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Fig. 4. Installed capacity of onsite generation and storage components on the optimal
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Even though there is no definite trend for a ST collector area on the
fronts, it can be observed from Fig. 4 that higher capacities of ST sys-
tems dominate the Pareto front of ASHPs with and without export when
net-metering is available, and lower capacities otherwise. However, for
the boiler, the capacities of ST systems remain mostly unchanged on an
average of 7 m2e. This indicates that heat generated by a ST system can
enhance 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 electricity, can focus more on heat export
since the ST collectors assist to cover the building heat demand.

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-me-
tering is clearly visible: the average battery capacities for ASHP with heat
export are 1.8 kWh with net-metering and 3.6 kWh without net-metering.
This is attributed to the grid acting as virtual storage in case of net-me-
tering. 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.

4.2. Finland

Fig. 5 shows the Pareto fronts for the three main heat supply compo-
nents, for the Finnish cases with and without net-metering. The reference
case consists of a system that covers its heating and electricity demands
through imports from the district heating and electricity grids. The results
of the multiobjective optimization show that GSHPs offer the optimal
solutions for LCCs and CO2 emissions. As for comparing between GSHPs
with and without heat export, the results without net-metering show that
the lowest ΔLCC, €−46.5/m2, is reached when the GSHP cannot export
heat. For comparison, the lowest ΔLCC for a GSHP with export is €−24.5/
m2. Yet, while there is an increase in the LCC, the system with heat export
allows a significant reduction of 20.2 kgCO2eq/(m2 a), offering a net
compensation of CO2 emissions. If net-metering is available, the lowest
LCC for GSHPs without and with heat export drop to €−84.2/m2 and
€−65.6/m2, respectively. Otherwise, there are no major differences be-
tween the cases with and without net-metering (see Fig. 5).

As in the Dutch case, the dominance of heat pumps on the Pareto
front relies on the COP of this component. 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 kgCO2eq, and
the income from its sale would be roughly €0.03. Yet, if it were con-
verted to heat and exported to the heating grid, it would compensate
0.857 kgCO2eq, 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. Regarding
the LCC difference between the GSHP with and without heat export, the
heat export option dominates the top part of the front due to the higher
monetary income from exported heat, while the electricity export op-
tion dominates the bottom part due to its lower initial investment.
Moreover, the presence on the optimal front of GSHPs with export in-
dicates that the income from heat export can justify the additional
spending on borehole depth and connection costs if onsite electricity
generation is available and sizable.

It can be observed from Fig. 6 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. The lower PV capacities when net-metering is not
available reinforce the notion that net-metering has a positive effect on
the economic performance of PV systems. An investigation on larger
installed capacities of PV can be found in Appendix B. Regarding bat-
teries, Fig. 6 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 below 3 kWh.

These results indicate that investments in onsite electricity genera-
tion components should be first directed to the PV system, followed by
WTs. 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 10m2, whereas for GSHPs with
export the investments are concentrated mostly between 0 and 2m2.
Particularly, 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 al-
lowed 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 component investments. 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. Yet, if a GSHP with export is present, the battery size should
be kept low so as to promote heat export, which explains the dis-
tribution seen in Fig. 6.

4.3. Similarities and contrasts

A significant difference is that the environmental attractiveness of
converting surplus electricity into heat for export is lower in the
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Fig. 5. The Pareto fronts for GSHPs with and without heat export, and for boilers. The
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Netherlands than it is in Finland, due to the high emission factor of
electricity in the Netherlands. For instance, if 1 kWh of surplus elec-
tricity is exported to the grid, it compensates 0.540 kgCO2eq, while if it
were converted to heat and exported to replace heat from an NG boiler,
it would compensate 0.969 kgCO2eq. Thus, converting 1 kWh to heat
the system compensates roughly 1.8 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 1111 kWh/a of electricity in the Netherlands but only 907
kWh/a in Finland. This, in combination with the different export price
schemes, could translate into an income of €77.8 in the Netherlands and
€29.0 in Finland, assuming all the generation is exported as surplus, or
into annual savings of €222.0 in the Netherlands and €139.0 in Finland,
assuming all the generation is used onsite.

4.3.1. Heating systems
The results of the multiobjective optimizations of heating systems

for the Dutch case (Fig. 3) and the Finnish case (Fig. 5) show that heat

pumps offer the optimal solutions for LCCs and CO2 emissions with and
without net-metering. 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 in-
vestment 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 heat pumps. In the Netherlands, ASHPs are more common,
as winters are milder and the component can offer a satisfactory per-
formance 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
ground temperature is not as low as the ambient air temperature, which
subsequently helps the COP to remain acceptable.

4.3.2. Fluctuating generation components
High capacities of PV systems—between 9 and 10 kW for the Dutch

case and between 6 and 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 lower limit
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. 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.

4.3.3. 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.

4.4. Initial investment subcase

A supplementary set of multiobjective optimizations was conducted for
both countries: CO2 emissions and initial investment. This subcase allows
studying the heat export strategy from the perspective of an energy per-
formance contractor, who pays the initial cost yet does not benefit from
savings. The results are shown in Fig. 7. Net-metering has no effect in these
optimizations; therefore, only one set of results is presented.

Boilers provide optimal solutions with low initial investment in both
countries. This is a consequence of the lower price of boilers compared to
ASHP and GSHP, and of the lower specific emissions factor of NG and WP
compared to the specific emissions factors of electricity in the Netherlands
and Finland, respectively. These factors also explain the steep decrease in
the lower part of the fronts: as investment in onsite electricity generation
components increases, the CO2 emissions caused by electricity imports
decrease sharply. As the initial investment increases, surplus electricity
from onsite generation components becomes available for generating and
exporting heat, thus allowing heat pumps with heat export capability to
become optimal solutions in both countries.

The Pareto fronts in the Finnish case shows that, except for systems
with little to no investment on onsite generation components, the re-
sults for GSHP with heat export dominate those for GSHP without ex-
port. This is a consequence of the COP and of higher specific emissions

Net-metering No net-metering

0

2

4

6

8

10

-50 -40 -30 -20 -10 0 10

PV
 [k

W
]

0

2

4

6

8

10

-50 -40 -30 -20 -10 0 10

PV
 [k

W
]

0

2

4

6

8

10

-50 -40 -30 -20 -10 0 10

W
T

 [k
W

]

0

2

4

6

8

10

-50 -40 -30 -20 -10 0 10

W
T

 [k
W

]

0

2

4

6

8

10

-50 -40 -30 -20 -10 0 10

ST
 [m

2 ]

0

2

4

6

8

10

-50 -40 -30 -20 -10 0 10

ST
 [m

2 ]

0
2
4
6
8

10

-50 -40 -30 -20 -10 0 10

B
at

t. 
[k

W
h]

Emissions 
[kg CO2 eq/(m2 a)]

0
2
4
6
8

10

-50 -40 -30 -20 -10 0 10

B
at

t. 
[k

W
h]

Emissions 
[kg CO2 eq/(m2 a)]

GSHP_No export GSHP_export Boiler

Fig. 6. Installed capacity of onsite generation and storage components on the optimal
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the Finnish case with (left) and without (right) net-metering.

B. Manrique Delgado et al. Energy Conversion and Management 160 (2018) 495–508

502



factor of DH compared to that of electricity. In contrast, the high spe-
cific emissions factor of electricity in the Netherlands causes both op-
tions of ASHP to compete closely in the lower portion of the fronts;
however, when the size of PV system reaches roughly 7 kW, ASHP with
heat export becomes the identifiable optimal solution.

The results of this subcase show conflictive preferences at low in-
vestments: the optimal solutions for a contractor require a boiler while
the optimal solutions for an end user require a heat pump. In an ideal
situation, an informed end user would cover the higher initial invest-
ments knowing that the savings will exceed the costs, yet other users
might prioritize low initial costs. Moreover, the contractor might prefer
solutions with a low initial cost, which could be easier to sell.
Therefore, understanding of the immediate and long-term economical
advantages of the system is necessary to ensure that the energy system
is optimal—or close to optimal—for both parties.

4.5. Uncertainty analysis

An uncertainty analysis was conducted to address the influence of
changes in the economic context. Two economic parameters were in-
vestigated: the energy price escalation rates and the heat export price.
The energy price escalation rates are set at 0% and 2%, while the heat
export price are set as 30% and 50%. An uncertainty analysis for the
Finnish case is not presented in this study, as it has been addressed by
Manrique Delgado et al. [16] for a similar optimization problem.

Fig. 8 shows non-dominated fronts for CO2 emissions and the ΔLCC
for the optimizations with 0%, 1% and 2% energy price escalation rates.
The results for all systems show similar behaviour: higher escalation
rates lead to lower ΔLCC, because higher escalation rates mean higher
income from energy export in the future. The difference in LCC caused
by the escalation rates is more pronounced at high values of ΔLCC. This
difference can be explained by the investments in onsite generation: as
investments increase, energy export increase, and thus the energy price
escalation rates have a stronger effect on the LCC. Regarding the in-
vestments in PV, WT, ST collectors and battery capacity, there are no
remarkable differences compared to the optimization with the

calculated energy price escalation rates.
Fig. 9 shows the non-dominated fronts for ΔLCC and CO2 emissions

for the optimizations with a heat export price at 30%, 40% and 50% of
the retail price. It can be seen that lower export prices lead to higher
LCCs. This is a consequence of the income from heat export: the higher
the export price, the higher the income. Further, it can be seen that at
the top of the figure the difference between ΔLCCs can reach €119/m2

for similar emission levels, whereas at the bottom it decreases to €36/
m2. The reason for this difference in ΔLCC is the amount of exported
heat. The influence of the export price of heat increases along the front,
simply because there is more heat to export. Regarding the investments
in PV, WT, ST collectors and battery capacity, there are no remarkable
differences compared to the optimization with 40% of the retail price.

Overall, the results of the uncertainty analysis show that the main
findings discussed above remain valid under the tested conditions. That
is, the LCCs of the systems investigated are influenced by the escalation
rates and by the heat export prices, yet there is no notable change in the
observation that ASHPs with heat export offer the lowest ΔLCCs and a
significantly higher compensation of CO2 emissions. Moreover, the
observation that the optimal front for ASHPs with heat export dom-
inates the optimal front for ASHPs without heat export remains valid.
Regarding the investment in other components such as PV or WT sys-
tems, no significant changes were observed.

5. Conclusions

This study consists of multiobjective optimizations for CO2 emis-
sions and LCCs of residential-scale energy systems with onsite elec-
tricity and heat generation components. Moreover, two different en-
ergetic, 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
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to the CO2 emission factors.

• The calculated optimal investments in the PV system in the
Netherlands start at 8 kW without net-metering and at 9 kW with
net-metering, whereas in Finland, the calculated optimal invest-
ments in the PV system start at 6 and 0 kW, respectively. However,
the maximum optimal PV capacity would likely require an area that
exceeds the typical rooftop area of a single family building.

• Overall, investments in PV systems should be preferred over investments
in WT systems, with no significant differences based on the country.

• 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 −41.1
kgCO2eq/(m2 a) and €−69.7/m2 for the cost-optimal solution.

• Net-metering allows reducing the calculated ΔLCC of the energy
system by 65.7/m2 in the Netherlands. The availability of net-me-
tering 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 results of the uncertainty analysis to energy price escalation
rates and heat export prices in the Netherlands show that the per-
formance ranking of the studied heat and electricity systems remain
valid under the tested conditions.

• 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 ΔLCC of the energy system
by €41.0/m2 in Finland. As in the Netherlands case, 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.

• Boilers are the optimal main heat supply components for systems
with low initial investments, whereas heat pumps are optimal for
systems with low LCC. This may create a conflict of interests be-
tween the investor and the end user.

The outcomes rely on the assumption that an unlimited amount of
heat can be exported to the grid. While this might seem counter-
intuitive, particularly during summer when heating demand is low, the
assumption is supported by the increasing interest in smart and efficient
use of energy. Therefore, the exported heat could be used in district
cooling – through thermal cooling [48] – and/or in other thermally
activated technologies [49], seasonal storage, or to cover domestic hot
water demand. Thus, as the energy systems continue to develop, heat
export to district grids has potential to become a common practice.

The contexts explored in this study give valuable insight into the po-
tential of prosumers in central and northern Europe, yet significant dif-
ferences might arise in other geographical locations, indicating the need
for separate case study assessments. 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.

Acknowledgments

The research by the first, fourth and seventh listed author was
funded by the Academy of Finland Consortium Project “Advanced
Energy Matching for Zero-Energy Buildings in Future Smart Hybrid
Networks”. Special thanks to ISOVER and Fortum for supplying the
measured data and information about Villa ISOVER. The authors would
like to thank Sanket Puranik, PDEng from Eindhoven University of
Technology, for his valuable contributions to this study.

Appendix A. Prices

Fig. A1 shows the prices (including VAT) per installed capacity for several system components. PV prices in the Netherlands are calculated as
700+925 ∗ x, where x represents the PV capacity in kW; the curve in the figure shows the price per installed capacity. All prices shown include
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Fig. 9. The non-dominated fronts for an ASHP with export at different heat export prices,
shown as a percentage of the retail price, and for an ASHP without export and boiler.

Fig. A1. Prices and price trends for system components.
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installation costs, except for the ST collectors; for this component the installation costs are assumed to be equal to the price of the ST collectors.
Battery prices are calculated as 192.09 x0.717, where x represents the battery size in kWh. Borehole and piping prices are calculated as €33.45/m of
borehole depth and €15.00/m2 of gross building area, respectively. The borehole depth was calculated using Earth Energy Designer [50] based on
the onsite electricity generation capacity. Table A shows the annual O&M costs for PV, WT and ST components. Table B shows the lifespan of the
components that require replacement. Table C shows the initial investment and O&M costs for the main heat supply components, and Table D shows

Table A
Annual O&M costs as percentage of the initial investment for PV, WT
and ST components.

Generation component Annual O&M

PV 1%
WT 1.5%
ST 0.75%

Table B
Lifespan of system components that require replacement.

Component Lifespan [years]

Inverter 12
Battery 10
ASHP/GSHP 20

Table C
Initial investment and O&M costs of the main heat supply components.

Heat supply component Initial investment [€] Annual O&M cost

GSHP – 6 kW 5300 1.5% of initial investment
GSHP – 8 kW 5500 1.5% of initial investment
ASHP – 6 kW 12,995 1.5% of initial investment
ASHP – 8 kW 13,545 1.5% of initial investment
Boiler – WP 3582 €139.2
Boiler – Gas 1099 €130.44

Table D
Sources for the initial investment and O&M costs of system components.

Component Initial Investment O&M

Source URL Source URL

PV (NL) Netherlands Enterprise Agency
RVO, 2014

http://www.rvo.nl/onderwerpen/duurzaam-
ondernemen/gebouwen/utiliteitsbouw/
beheer-en-onderhoud/investeringskosten

National Renewable
Energy Laboratory

nrel.gov/docs/fy15osti/63235.pdf

PV (FI) Fortum fortum.com

WT The Renewable Energy Hub UK renewableenergyhub.co.uk Wind Measurement
International

windmeasurementinternational.com/wind-
turbines/om-turbines.php

Inverter Nettiosa nettiosa.com – –
Aurinko aurinkosinoorit.fi
Finnwind verkkokauppa.finnwind.fi

ST Ympäristoenergia energiakauppa.com National Renewable
Energy Laboratory

nrel.gov/analysis/tech_cost_om_dg.html
Sundial sundial.fi
JTV-Energia jtv-energia.fi

Battery Wholesale Solar wholesalesolar.com/ – –
Borehole and

piping
Building Construction Cost Data
2013 [Talonrakennuksen
kustannustieto 2013]

– – –

GSHP – 6 kW Taloon taloon.com/ds/hakutulokset?q=nibe+1145 Mohamed, Hamdy,
Sirén

10.1016/j.apenergy.2015.04.096

GSHP – 8 kW

ASHP – 6 kW Mitsubishi Electric Direct quote
ASHP – 8 kW

Boiler – WP National Renewable Energy
Laboratory

nrel.gov/analysis/tech_cost_dg.html British Gas britishgas.co.uk/home-services/home-cover/

Boiler – Gas Warmgarant https://www.warmgarant.nl/cv-ketel-
kopen/uw-cv-ketel-samenstellen/intergas-
hreco-24.aspx

Warmgarant https://www.warmgarant.nl/cv-ketel-kopen/uw-
cv-ketel-samenstellen/intergas-hreco-24.aspx

B. Manrique Delgado et al. Energy Conversion and Management 160 (2018) 495–508

505

http://www.rvo.nl/onderwerpen/duurzaam-ondernemen/gebouwen/utiliteitsbouw/beheer-en-onderhoud/investeringskosten
http://www.rvo.nl/onderwerpen/duurzaam-ondernemen/gebouwen/utiliteitsbouw/beheer-en-onderhoud/investeringskosten
http://www.rvo.nl/onderwerpen/duurzaam-ondernemen/gebouwen/utiliteitsbouw/beheer-en-onderhoud/investeringskosten
http://nrel.gov/docs/fy15osti/63235.pdf
http://fortum.com
http://renewableenergyhub.co.uk
http://windmeasurementinternational.com/wind-turbines/om-turbines.php
http://windmeasurementinternational.com/wind-turbines/om-turbines.php
http://nettiosa.com
http://aurinkosinoorit.fi
http://verkkokauppa.finnwind.fi
http://energiakauppa.com
http://nrel.gov/analysis/tech_cost_om_dg.html
http://sundial.fi
http://jtv-energia.fi
http://wholesalesolar.com/
http://taloon.com/ds/hakutulokset?q=nibe+,0,0,2
http://10.1016/j.apenergy.2015.04.096
http://nrel.gov/analysis/tech_cost_dg.html
http://britishgas.co.uk/home-services/home-cover/
https://www.warmgarant.nl/cv-ketel-kopen/uw-cv-ketel-samenstellen/intergas-hreco-24.aspx
https://www.warmgarant.nl/cv-ketel-kopen/uw-cv-ketel-samenstellen/intergas-hreco-24.aspx
https://www.warmgarant.nl/cv-ketel-kopen/uw-cv-ketel-samenstellen/intergas-hreco-24.aspx
https://www.warmgarant.nl/cv-ketel-kopen/uw-cv-ketel-samenstellen/intergas-hreco-24.aspx
https://www.warmgarant.nl/cv-ketel-kopen/uw-cv-ketel-samenstellen/intergas-hreco-24.aspx


the references for the initial investment and O&M costs.

Appendix B. Complementary investigations

B.1. 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, a supplementary
set of simulations has been conducted. These optimizations use the exhaustive search algorithm in MOBO (Brute-force search) with discrete vari-
ables. 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 Fig. 3. The results of these supplementary simulations are shown in Fig. B1, with a total of 469
simulations.

As can be seen in Fig. B1, 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 method
allows 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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Fig. B1. The exploration of the lowest LCC systems on the fronts in the Dutch case with net-metering.
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B.2. Saturation of PV

Figs. 4 and 6 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 Fig. B2. The maximum PV capacity has been increased to 20 kW, while the
ranges for the rest of the variables remain unchanged; Fig. B3 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.

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 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.

References

[1] The European Parliament and the Council of the European Union. Directive 2010/
31/EU of the European Parliament and of the council of 19 May 2010 on the energy
performance of buildings (recast). Official Journal of the European Union; 2010.

[2] Bundesministerium für Umwelt, Naturschutz, Bau und Reaktorsicherheit.
Energieeinsparverordnung (EnEV). [Online]. Available: http://www.bmub.bund.
de/themen/bauen/energieeffizientes-bauen-und-sanieren/
energieeinsparverordnung/.

[3] RVO. RVO BENG referentiegebouwen; 2017. [Online]. Available: http://www.rvo.
nl/initiatieven/energiezuiniggebouwd/hoekwoning-m; https://www.rvo.nl/sites/
default/files/2013/09/Referentiewoningen.pdf [accessed May 2017].

[4] Agence de l'Environnement et de la Maîtrisse de l'Énergie. Réglementation
Thermique 2012 – Présentation. [Online]. Available: http://www.rt-batiment.fr/
batiments-neufs/reglementation-thermique-2012/presentation.html.

[5] Finland Ministry of Environment, Department of the Built Environment. National
building code of Finland, part D3. Energy efficiency in buildings regulations and
guidelines 2012; 2011.

[6] Salom J, Marszal AJ, Widén J, Candanedo J, Lindberg KB. Analysis of load match
and grid interaction indicators in net zero energy buildings with simulated and
monitored data. Appl Energy 2014:119–31.

[7] Georges E, Braun J, Lemort V. A general methodology for optimal load management
with distributed renewable energy generation and storage in residential housing. J
Build Perform Simul 2017;10(2):224–41.

[8] Brange L, Englund J, Lauenburg P. Prosumers in district heating networks – a
Swedish case study. Appl Energy 2016;164:492–500.

[9] Lu Y, Wang S, Shan K. Design optimization and optimal control of grid-connected
and standalone nearly/net zero energy buildings. Appl Energy 2015;155:463–77.

[10] Cao S, Hasan A, Sirén K. On-site energy matching indices for buildings with energy
conversion, storage and hybrid grid connections. Energy Build 2013;64:423–38.

[11] Cao S, Hasan A, Sirén K. Matching analysis for on-site hybrid renewable energy
systems of office buildings with extended indices. Appl Energy 2014;113:230–47.

[12] Lund H, Werner S, Wiltshire R, Svendsen S, Thorsen JE, Hvelplund F, et al. 4th
Generation District Heating (4GDH): integrating smart thermal grids into future
sustainable energy systems. Energy 2014;68:1–11.

[13] Mohamed A, Hamdy M, Hasan A, Sirén K. The performance of small scale multi-
generation technologies in achieving cost-optimal and zero-energy office building
solutions. Appl Energy 2015;152:94–108.

[14] Harb H, Reinhardt J, Streblow R, Müller D. MIP approach for designing heating
systems in residential buildings and neighbourhoods. J Build Perform Simul
2016;9:316–30.

[15] Hamdy M, Hasan A, Siren K. A multi-stage optimization method for cost-optimal
and nearly-zero-energy. Energy Build 2013;56:189–203.

[16] Manrique Delgado B, Cao S, Hasan A, Sirén K. Multiobjective optimization for life-
cycle cost, carbon dioxide emissions and exergy of residential heat and electricity
prosumers. Energy Convers Manage 2017;154:455–69.

[17] Manrique Delgado B, Cao S, Hasan A, Sirén K. Energy and exergy analysis of pro-
sumers in hybrid energy grids. Build Res Inf 2017.

[18] Manrique Delgado B, Cao S, Hasan A, Sirén K. Thermoeconomic analysis of heat and
electricity prosumers in residential zero-energy buildings in Finland. Energy
2017;130:544–59.

[19] Agentschap NL. Referentiewoningen nieuwbouw; 2013. [Online]. Available: http://
www.rvo.nl/sites/default/files/2013/09/BENGTussenwoning.pdf [accessed May
2017].

[20] Centraal Bureau voor de Statistiek. Four out of ten households live in a terraced
house; 2017. [Online]. Available: https://www.cbs.nl/nl-nl/nieuws/2016/14/vier-
op-de-tien-huishoudens-wonen-in-een-rijtjeshuis [accessed June 2017].

[21] Kotireddy R, Hoes P-J, Hensen JL. Optimal balance between energy demand and
onsite energy generation for robust net zero energy buildings considering future
scenarios. In: Proceedings of BS2015: 14th conference of international building
performance simulation optimization, Hydebarad, India; 2015.

[22] Energiatehokas Koti. Zero-energy building – Villa ISOVER, 03.02.2015; 2015.
[Online]. Available: http://www.energiatehokaskoti.fi/kohteet/seurantakohteet/
nollaenergiatalo_villa_isover [Haettu June 2015].

[23] Saint-Gobain Rakennustuotteet Oy. Implementation of a detached zero-energy
building; 2013. [Online]. Available: http://www.isover.fi/ratkaisut/
uudisrakentaminen/nollaenergiatalo-hyvinkaa-villa-isover-asuntomessut-2013-
hyvinkaa [Haettu May 2015].

[24] Centraal Bureau voor de Statistiek. Woningen; hoofdbewoner/huisboden;
1998–2012. [Online]. Available: http://statline.cbs.nl/StatWeb/publication/?
DM=SLNL&PA=7409WBO&D1=40-59&D2=0&D3=17- [accessed May 2017].

[25] Dutch Heat Pump Association. Heat pumps in domestic housing and demand
management; 2015.

[26] Saari A, Airaksinen M. Minimum requirements of energetic efficiency to calculate
optimal rentability levels – Finland; 2012.

[27] E-ON. Returns and balances; 2018. [Online]. Available: https://www.eon.nl/
energieproducten/zonnepanelen/kosten-en-besparingen/terugleveren-en-
salderen/.

[28] KEMA Netherland BV. Nationaal Actieplan Zonnestroom; 2016. [Online]. Available:
https://brandcentral.dnvgl.com/fileroot6/gallery/DNVGL/files/original/
bb3498c479ca48959d63a3c83936eacd.pdf [accessed May 2017].

[29] Utrecht University. 2.5 million Dutch households on solar power by 2023; 2017.
[Online]. Available: https://www.uu.nl/en/news/25-million-dutch-households-on-
solar-power-by-2023 [accessed May 2017].

[30] Nord Pool. Historical market data. [Online]. Available: http://www.nordpoolspot.
com/historical-market-data/.

[31] Fortum. Open district heating; 2015. [Online]. Available: http://www.
opendistrictheating.com/ [accessed July 2015].

[32] Nuon. Surplus with solar panels: what you generate too much of, we settle with you;
2017. [Online]. Available: https://www.nuon.nl/producten/zonnepanelen/
salderen/ [accessed April 2017].

[33] Statistics Finland. Price of electricity by type of consumer; 2016. [Online].
Available: http://pxnet2.stat.fi/PXWeb/pxweb/en/StatFin/StatFin__ene__ehi/?
tablelist=true&rxid=7ed2f10a-836b-4b43-b535-77f8854590a8 [accessed 2016].

[34] Finnish Tax Administration. Tax credit for domestic help; 11 June 2015. [Online].
Available: http://portal.vero.fi/public/default.aspx?nodeid=9864&culture=en-
US&contentlan=2 [accessed June 2016].

[35] Eurostat. Database – energy; 2017. [Online]. Available: http://ec.europa.eu/
eurostat/web/energy/data/database [accessed April 2017].

[36] Statistics Finland. Consumer prices of wood pellet in heat production and index
(VAT included); 2017. [Online]. Available: http://pxnet2.stat.fi/PXWeb/pxweb/
en/StatFin/StatFin__ene__ehi/?tablelist=true#_ga=1.170380323.2026921077.
1493296397 [accessed April 2017].

[37] Statistics Finland. Fuel classification 2016. [Online]. Available: http://www.stat.fi/
tup/khkinv/khkaasut_polttoaineluokitus.html [accessed November 2016].

[38] Papachristos G. Household electricity consumption and CO2 emissions in the
Netherlands: a model-based analysis. Energy Build 2015;86:403–14.

[39] SenterNovem. The Netherlands: list of fuels and standard CO2 emission factors;
2005.

[40] Statistics Finland. CO2 emissions from heat and power production. [Online].
Available: http://pxweb2.stat.fi/sahkoiset_julkaisut/energia2015/html/engl0011.
htm.

[41] The University of Wisconsin Madison. TRNSYS 17; February 2013. [Online].
Available: http://sel.me.wisc.edu/trnsys/features/features.html [accessed April
2016].

[42] NEN. NEN 5060:2008; 2017. [Online]. Available: https://www.nen.nl/NEN-Shop/
Norm/NEN-50602008-nl.htm [accessed May 2017].

[43] Kalamees T, Jylha K, Tietäväinen H, Jokisalo J, Ilomets S, Hyvönen R, et al.
Development of weighting factors for climate variables for selecting the energy
reference year according to the EN ISO 15927–4 standard. Energy Build
2012;47:53–60.

[44] Palonen M, Hamdy M, Hasan A. MOBO – a new software for multi-objective
building performance optimization. In: Proceedings of BS2013: 13th conference of
international building performance simulation association, Chambéry, France;
2013.

[45] IBPSA-Nordic. Tools – MOBO. [Online]. Available: http://ibpsa-nordic.org/tools.
html.

[46] Deb K, Pratap A, Agarwal S, Merayivan T. A fast and elitist multiobjective genetic
algorithm: NSGA-II. IEEE Trans Evol Comput 2002;6(2):182–97.

B. Manrique Delgado et al. Energy Conversion and Management 160 (2018) 495–508

507

http://www.bmub.bund.de/themen/bauen/energieeffizientes-bauen-und-sanieren/energieeinsparverordnung/
http://www.bmub.bund.de/themen/bauen/energieeffizientes-bauen-und-sanieren/energieeinsparverordnung/
http://www.bmub.bund.de/themen/bauen/energieeffizientes-bauen-und-sanieren/energieeinsparverordnung/
http://www.rvo.nl/initiatieven/energiezuiniggebouwd/hoekwoning-m
http://www.rvo.nl/initiatieven/energiezuiniggebouwd/hoekwoning-m
https://www.rvo.nl/sites/default/files/2013/09/Referentiewoningen.pdf
https://www.rvo.nl/sites/default/files/2013/09/Referentiewoningen.pdf
http://www.rt-batiment.fr/batiments-neufs/reglementation-thermique-2012/presentation.html
http://www.rt-batiment.fr/batiments-neufs/reglementation-thermique-2012/presentation.html
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0030
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0030
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0030
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0035
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0035
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0035
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0040
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0040
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0045
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0045
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0050
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0050
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0055
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0055
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0060
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0060
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0060
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0065
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0065
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0065
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0070
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0070
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0070
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0075
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0075
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0080
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0080
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0080
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0085
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0085
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0090
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0090
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0090
http://www.rvo.nl/sites/default/files/2013/09/BENGTussenwoning.pdf
http://www.rvo.nl/sites/default/files/2013/09/BENGTussenwoning.pdf
https://www.cbs.nl/nl-nl/nieuws/2016/14/vier-op-de-tien-huishoudens-wonen-in-een-rijtjeshuis
https://www.cbs.nl/nl-nl/nieuws/2016/14/vier-op-de-tien-huishoudens-wonen-in-een-rijtjeshuis
http://www.energiatehokaskoti.fi/kohteet/seurantakohteet/nollaenergiatalo_villa_isover
http://www.energiatehokaskoti.fi/kohteet/seurantakohteet/nollaenergiatalo_villa_isover
http://www.isover.fi/ratkaisut/uudisrakentaminen/nollaenergiatalo-hyvinkaa-villa-isover-asuntomessut-2013-hyvinkaa
http://www.isover.fi/ratkaisut/uudisrakentaminen/nollaenergiatalo-hyvinkaa-villa-isover-asuntomessut-2013-hyvinkaa
http://www.isover.fi/ratkaisut/uudisrakentaminen/nollaenergiatalo-hyvinkaa-villa-isover-asuntomessut-2013-hyvinkaa
http://statline.cbs.nl/StatWeb/publication/?DM=SLNL%26PA=7409WBO%26D1=40-59%26D2=0%26D3=17-
http://statline.cbs.nl/StatWeb/publication/?DM=SLNL%26PA=7409WBO%26D1=40-59%26D2=0%26D3=17-
https://www.eon.nl/energieproducten/zonnepanelen/kosten-en-besparingen/terugleveren-en-salderen/
https://www.eon.nl/energieproducten/zonnepanelen/kosten-en-besparingen/terugleveren-en-salderen/
https://www.eon.nl/energieproducten/zonnepanelen/kosten-en-besparingen/terugleveren-en-salderen/
https://brandcentral.dnvgl.com/fileroot6/gallery/DNVGL/files/original/bb3498c479ca48959d63a3c83936eacd.pdf
https://brandcentral.dnvgl.com/fileroot6/gallery/DNVGL/files/original/bb3498c479ca48959d63a3c83936eacd.pdf
https://www.uu.nl/en/news/25-million-dutch-households-on-solar-power-by-202
https://www.uu.nl/en/news/25-million-dutch-households-on-solar-power-by-202
http://www.nordpoolspot.com/historical-market-data/
http://www.nordpoolspot.com/historical-market-data/
http://www.opendistrictheating.com/
http://www.opendistrictheating.com/
https://www.nuon.nl/producten/zonnepanelen/salderen/
https://www.nuon.nl/producten/zonnepanelen/salderen/
http://pxnet2.stat.fi/PXWeb/pxweb/en/StatFin/StatFin__ene__ehi/?tablelist=true%26rxid=7ed2f10a-836b-4b43-b535-77f8854590a8
http://pxnet2.stat.fi/PXWeb/pxweb/en/StatFin/StatFin__ene__ehi/?tablelist=true%26rxid=7ed2f10a-836b-4b43-b535-77f8854590a8
http://portal.vero.fi/public/default.aspx?nodeid=9864%26culture=en-US%26contentlan=2
http://portal.vero.fi/public/default.aspx?nodeid=9864%26culture=en-US%26contentlan=2
http://ec.europa.eu/eurostat/web/energy/data/database
http://ec.europa.eu/eurostat/web/energy/data/database
http://pxnet2.stat.fi/PXWeb/pxweb/en/StatFin/StatFin__ene__ehi/?tablelist=true#_ga=1.170380323.2026921077.1493296397
http://pxnet2.stat.fi/PXWeb/pxweb/en/StatFin/StatFin__ene__ehi/?tablelist=true#_ga=1.170380323.2026921077.1493296397
http://pxnet2.stat.fi/PXWeb/pxweb/en/StatFin/StatFin__ene__ehi/?tablelist=true#_ga=1.170380323.2026921077.1493296397
http://www.stat.fi/tup/khkinv/khkaasut_polttoaineluokitus.html
http://www.stat.fi/tup/khkinv/khkaasut_polttoaineluokitus.html
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0190
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0190
http://pxweb2.stat.fi/sahkoiset_julkaisut/energia2015/html/engl0011.htm
http://pxweb2.stat.fi/sahkoiset_julkaisut/energia2015/html/engl0011.htm
http://sel.me.wisc.edu/trnsys/features/features.html
https://www.nen.nl/NEN-Shop/Norm/NEN-50602008-nl.htm
https://www.nen.nl/NEN-Shop/Norm/NEN-50602008-nl.htm
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0215
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0215
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0215
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0215
http://ibpsa-nordic.org/tools.html
http://ibpsa-nordic.org/tools.html
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0230
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0230


[47] Alajmi A, Wright J. Selecting the most efficient genetic algorithm sets in solving
unconstrained building optimization problem. Int J Sustain Built Environ
2014;3:18–26.

[48] Best R, Rivera W. A review of thermal cooling systems. Appl Therm Eng
2015;75:1162–75.

[49] Office of Energy Efficiency and Renewable Energy. U.S. Department of Energy.
Technology roadmap – thermally activated technologies; 2003.

[50] Buildingphysics.com. EED – Earth Energy Designer. [Online]. Available: http://
www.buildingphysics.com/index-filer/Page1099.htm.

B. Manrique Delgado et al. Energy Conversion and Management 160 (2018) 495–508

508

http://refhub.elsevier.com/S0196-8904(18)30082-7/h0235
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0235
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0235
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0240
http://refhub.elsevier.com/S0196-8904(18)30082-7/h0240
http://www.buildingphysics.com/index-filer/Page1099.htm
http://www.buildingphysics.com/index-filer/Page1099.htm

	Lifecycle cost and CO2 emissions of residential heat and electricity prosumers in Finland and the Netherlands
	Introduction
	Description of the Dutch and Finnish contexts
	Buildings
	Heat supply options
	Economic aspects
	Emission factors

	Research method
	The optimization problem
	Objective functions
	Design variables
	Simulation and multiobjective optimization

	Results &#x200B;&&#x200B; discussion
	The Netherlands
	Finland
	Similarities and contrasts
	Heating systems
	Fluctuating generation components
	Electricity storage component

	Initial investment subcase
	Uncertainty analysis

	Conclusions
	Acknowledgments
	Prices
	Complementary investigations
	Cost-optimal systems verification
	Saturation of PV

	References




