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1 Introduction

Today a number of buildings exist for which the design principle has been to achieve a Zero
Energy Building (ZEB) or Net Zero Energy Building (Net ZEB) [1-6].

There are many different approaches and definitions of the two concepts. In general, the
ZEB concept may be described as an autonomous building which does not interact with any
external energy supply system (grid) such as district heating network, gas pipe network,
electricity grid or likewise. The Net ZEB concept is a building where the weighted supply of
energy from the building meets or exceeds the weighted demand and interacts with an
energy supply system (grid). Such a building can export energy when the building’s system
generates a surplus and import energy when the building’s system is insufficient to generate
the energy required. The scope of the energy balance for the Net ZEB may vary for different
concepts but is usually based on an annual balance of primary energy [7]. It is not always
clear, however, whether this refers to total primary energy or non-renewable primary energy.
Within this paper, the term; “primary energy use” is used when it is not clear whether the
source refers to total primary energy use or non-renewable primary energy use.

This paper focuses on Net ZEBs. In Net ZEB definitions, there may or may not be a
maximum limit on energy demand. The requirements are generally that the demand is
covered by renewable energy sources and that the building is in compliance with the national
standards and regulations. However, to meet the goal, a low demand gives an advantage.
The general approach to reach Net ZEB could be described as a two-step concept. The first
step is to reduce the energy demand by applying energy efficiency measures. The second
step is to supply energy, generated by renewable sources, which may be supplied into an
external grid when favourable [8-11]. This is illustrated in Fig 1.

Fig. 1 Schematic presentation of demand/supply balance of a Net ZEB [11].

Reduction of energy demand has been promoted worldwide for some time and the
techniques used have been applied in Passive Houses and low energy houses for many
years and are adapted in the most known Net ZEBs [12]. The basic principle in heating
dominated climates may be summarized as design and construction of a well insulated and
airtight building envelope in combination with balanced ventilation with high heat recovery
efficiency [13-15].

When the energy use of a building is discussed from a lifecycle perspective, it is today
generally alleged that energy use in the operational phase of buildings accounts for 70-90%
of energy used during its life cycle. There are a number of substantiated and extensive
studies with results supporting that allegation [16-20]. Those studies differ in regard to
calculation methodology used to account for the total energy use, Life Cycle Energy (LCE),
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but they reach similar conclusions which support the statement above. However, the
consequence is that for Net ZEBs the relative share of energy use related to building
operation will decrease.

Earlier studies have mainly focused on embodied energy in buildings with energy
performance more or less equal to national building regulations or low energy buildings. An
Italian study [21] compared a standard house and a low energy house, clearly showing the
changing role of embodied energy in relative terms. The non-renewable primary energy use
for construction and maintenance increased by 20 % when taking the step from the standard
house to a low energy house. However, the relative share of embodied energy of the total life
cycle energy use increased from 17 % to roughly 50 %.

Sceptics to the Net ZEB concept might even argue that the energy savings achieved related
to building operation of a Net ZEB is lower compared to the increased energy use for
production, maintenance and demolition. A German study [22] compared different concepts
for a building; built according to building regulations, low-energy house, Passive House and
ZEB for a lifespan of 80 years. In general, the life cycle energy use decreased for each step
taken towards the Passive House standard. Taking the step to the ZEB, the life cycle energy
use increased. The life cycle energy use of a ZEB consists of embodied energy only. Due to
the very high technical level of the ZEB, mainly due to the need of large energy storage
system, the life cycle energy use of a ZEB is higher compared to a Passive House.

It may be argued that the German study is inconsistent since the life cycle energy use for the
ZEB includes all embodied energy for the building’s on-site generation and energy storage
systems, whereas the embodied energy of the grid supplying the Passive House with energy
is not included in the life cycle energy balance comparison.

The main purpose of the study presented in this paper is to analyse the embodied energy
where the focus is on the impact on the total life cycle energy use when the step is taken
from a low energy building to Net ZEB instead of ZEB and to highlight important parameters
that the authors believe should be addressed in the context of a life cycle energy analysis.

Life cycle energy analysis is one way of conducting Life Cycle Assessment (LCA). Other
ways to assess the environmental impact of buildings may be to calculate the carbon
footprint or Life Cycle CO, (LC CO,). Some studies combine the evaluation of life cycle
energy use with calculation of global warming potential, ozone emissions, carbon foot print,
etc. [21, 23, 24]. The relative impact of different measures will change when applying
different methodologies. Especially, this can be seen in [23, 24], where the energy analysis is
not based on primary energy. Analysing conversion factors for CO,-equivalents and primary
energy, presented in [11], the ratios are more alike when comparing factors for non-
renewable primary energy and CO,-equivalents than compared to ratios between factors for
total primary energy and CO,-equivalents. However, differences still occur; comparing ratios
for non-renewable primary energy and CO,-equivalents. For example, non-renewable
primary energy factors for oil and natural gas are roughly the same, whereas the factors for
CO,-equivalents for oil are roughly 20 % higher compared to natural gas. In this study, the
metric; non-renewable primary energy is in focus. This is due to that data from previous
studies generally were given as primary energy. Specifically, non-renewable primary energy
was chosen to better reflect the environmental impact in form of CO,-equivalents.

Table 1 shows a list of nomenclature used in this paper.
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Table 1 Nomenclature used in this paper

ZEB Zero energy building, autonomous building
Net ZEB Net zero energy building, all energy as defined in EN 15603 [25] included

Net zero energy building, limited balance; energy for lighting and other

Net ZEB, services are excluded

LCE Life cycle energy

LCA Life cycle analysis

EE Embodied energy (EE = EE; + EE, + DE)
EE; Initial embodied energy

EE, Recurring embodied energy

DE Demolition energy

OE Operating energy. Net energy use related to building operation
HP Heat pump

PV Photovoltaic

ST Solar thermal

EPR Energy payback ratio

EPT Energy payback time

NER Net energy ratio
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2 Methodology

2.1 Literature review

The literature review was conducted by reviewing peer-reviewed papers and through a
survey among participating researchers of the IEA SHC Task40/ECBCS Annex52 “Towards
Net Zero Energy Solar Buildings”, asking for case studies where LCE analyses were
conducted and for information on country specific strategies for LCE analysis.

The purpose of the literature review was threefold;

o Identifying parameters which were handled differently in the studies

¢ Studying different databases, tools and rating systems used today

e Gathering LCE analysis data to enable analysis of the embodied energy as a relative
share of life cycle energy use and the changing role of embodied energy.

All data were normalized into kWh/(m?a). Only data based on primary energy were used, and
where all energy use related to building operation was included in the operating energy (OE).
However, primary energy factors used were not always presented and it was not always
clear whether the data were in total primary energy or non-renewable primary energy.
Furthermore, it was not always clearly stated what parts of the energy use were included in
operating energy.

2.2 Detailed analysis of Minergie-A buildings

The Minergie® concept was developed in 1994 and since 1998 the Minergie® association
has worked continuously to define and promote energy efficient buildings [26]. The Minergie
institute has defined three different labels/definitions of energy efficient buildings where
Minergie-A [27] is the latest standard for residential buildings, implemented in 2011. A
Minergie-A building has a heating demand < 90 % of the allowed heating demand according
to the Swiss building regulations [28]. Also, a net zero energy balance for space heating,
domestic hot water and ventilation is required, based on weighted energy carriers defined in
[27]. If the energy carrier for heating is wood and more than 50% of the space heating and
domestic hot water is covered by solar thermal collectors, a credit of 15 kWh/(m?a), weighted
energy, is given. It is required to calculate embodied energy, which must not exceed 50
kWh/(m?a), non-renewable primary energy. Energy efficient white goods are required.

Minergie-A buildings are appropriate examples to evaluate the step towards Net ZEBs. They
are Net ZEB, balanced, e.g. energy for plug loads and lighting is not included in the
requirements.

In this study, the embodied energy of Minergie-A buildings includes the superstructure,
building envelope and the HVAC system. The calculation of embodied energy was carried
out based on data from the Bauteilkatalog [29]. Embodied energy data within Bauteilkatalog
includes energy for replacement when the expected service life time expires and energy for
demolition is included (cradle to grave analysis). Hence, the total life cycle energy use is
analysed.

Further analysis focused on studying the effect on embodied energy and operating energy
due to photovoltaic panels (PV panels), and solar thermal collectors. All buildings were
redesigned and recalculated to examine the effect of taking the step towards Net ZEB, using
a three-step approach:

e Buildings’ redesigned and recalculated without PV panels (Low energy standard).

¢ Buildings’ redesigned and recalculated with enough PV panels to meet a Net ZEBL
balance.

e Buildings’ redesigned and recalculated with enough PV panels to meet a Net ZEB
balance.
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When data was extracted from the data base (July 2011) [30], a total of 11 buildings had
applied for Minergie-A certification. For this study, all data for the Minergie-A buildings were
recalculated with Swiss weighting factors for non-renewable primary from SIA 2031 [31],
Table 2.

Table 2 Swiss weighting factors for non-renewable primary energy [31]

Energy carrier Weighting factor, non-renewable primary energy [-]

Electricity 2.52
Wood 0.05
Pellets 0.21
District heating 0.79
Oil 1.23
Natural gas 1.14

Operating energy use for plug loads and lighting are not included in the Minergie®
calculations. To enable analysis including the total operating energy, energy for lighting and
plug loads was included in the energy demand. This results in an additional OE of 51.7
kWh/(m?a), non-renewable primary energy. This estimation is based on a mean value of 20.5
kWh/(m?a) of delivered electricity, measured for plug loads and lighting in 16 Passive House
dwellings in Sweden [15].
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3 Results and discussion

3.1 Literature review

Within the literature review, a total of 143 case studies were collected [19-20, 32-45]. Out of
these cases studies, 73 cases were summarized in tabular form in [20]; clearly showing the
embodied energy, operating energy and life cycle energy use. A summary of the data for the
additional 70 cases is presented in Appendix A, following the same principle to enable
comparison. Furthermore 11 case studies were gathered from the Minergie-A database [30],
making a total of 154 cases available for analysis.

The basic framework for calculation of life cycle energy (LCE) use was defined differently in
different studies. The overall goal, however, was to calculate the sum of all energies incurred
in the life cycle of the studied project and/or building. The life cycle energy use may be
defined as in Equation 1 according to Ramesh et al [20] or as graphically described by Dixit
et al [46]. Comparing the two, one can see that the overall framework is the same.

LCE = EE; + OE + EE, + DE (1)

where LCE is the total life cycle energy use, EE; is the initial embodied energy, OE is the
operating energy, EE, is the recurring embodied energy and DE is the demolition energy.

3.11 Country strategies for embodied energy

Today, no country has requirements regarding embodied energy requirement for buildings.
Some countries have developed non-mandatory standards [47-49] that could be incorporated
as a baseline in a building rating system. Many rating systems enable a possibility to include
the environmental impact of building materials in the assessment of a building’s
environmental impact [26,50-58]. However, only two of twelve Net ZEB definitions reviewed
in [7] consider including embodied energy in the Net ZEB balance.

A common barrier for all countries is the lack of a national matured and agreed database for
building materials. Within Europe, there are two commonly used, extensive databases;
Ecoinvent [59] and GEMIS [60]. However, other databases exist, e.g. [61-65], and a lot of
different tools are available to calculate embodied energy, global warming potential, impact
of the environment and other parameters for construction materials and assemblies, e.g. [29,
66-68].

On a European transnational level, an European Ecolabel and Green Public Procurement
(GPP) criteria for buildings is being developed [69]. Within the European Commission, the
Joint Research Centre, a web based platform has been developed where guidelines, tools
and life cycle data are published [70].

3.1.2 Metrics used in the LCE-analysis

To ensure transparency and consistency, the applied metric for LCE analysis should be
primary energy. Dixit et al. [46] concludes that inclusion of delivered energy in LCE analysis
creates complications.

Delivered energy may also be referred to as final, end-use or un-weighted energy [7].
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Within [19] 45 of 60 cases are presenting operating in primary energy. It is however not
always clear whether the term primary energy refers to total primary energy or non-
renewable primary energy.

As mentioned in the introduction, some studies combine the evaluation of life cycle energy
use with calculation of global warming potential, 0zone emissions etc. These types of
analyses together with LCE analysis are different types of Life Cycle Assessments (LCAS).
The difference between LCA and LCE analysis is that within LCA many different indicators
may be used in the evaluation. In LCE, the indicator is always energy. The calculated life
cycle energy use is usually divided by an assumed life-span of the building and the
conditioned area. Hence the indicator is given in kWh/(m?a).

3.1.3 Life span in LCE-analysis

When the result from the LCE analysis is presented in kWh/(m?a), the expected life-span has
no impact on the analysis of operating energy, in absolute terms, if the analysis is based on a
simulation of the annual energy use and assumes that the energy supply system, extraction
of raw materials for energy generation etc. do not change over time. However, it may have a
significant impact on initial embodied energy and demolition energy as this is based on
activities that occur once (energy for replacement, recurring embodied energy, may occur
more or less than one time) and the energy use is divided by the assumed life-span.

The life-span used in the different studies varies between 30 and 100 years. Out of the 154
different cases, the average life-span is 53 years and the median is 50 years. In Fig. 2, the
allocation of the different case studies is shown; the most used life-span is 50 years.

120

100

80

60

40

Number of case studies

20

30 38 40 50 60 75 80 100
Life-span [years]

Fig. 2 Allocation of different case studies based on the applied life-span in the 154 different case
studies.

3.1.4 Boundary conditions for the LCE-analysis

A common problem in LCE analysis is to acquire all data coupled to the life cycle. The
system boundary may be set where the data collection is getting too difficult and may
therefore be strongly related to availability of research resources.

Differences may be found whether demolition, recycling, feed-stock energy and renovation
are included. Furthermore, no analysis in the studied material seems to include furnishings.
Adalberth [16] and Blengini et al [21] include white goods and sanitary ceramics in addition to
materials included in the structural elements, building envelope and HVAC-system. Suzuki et
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al [71] and Cole et al [72] are two examples of studies with focus on the materials included in
the structural elements, building envelope and HVAC-system.

Studies sometimes refer to life cycle energy use as the sum of embodied energy and
operating energy. This may indicate that demolition energy is excluded in the analysis or
included in the embodied energy. E.g. in [73] a LCE analysis is presented, excluding
demolition energy. In [74] life cycle energy use refers to the sum of embodied energy and
operating energy, including demolition energy in the embodied energy. However, the effect of
energy use during demolition is often small. In [16] the relative share of energy use due to
demolition was <1% of the total life cycle energy use. In [17, 21, 75] the energy use during
demolition was negative, i.e. the energy extracted from the materials through recycling and
combustion exceeded energy needed for disassembly. Hence, differences between different
studies due to including or excluding demolition energy may be expected to be small.

Based on differences in the reviewed studies it is possible to divide the boundary conditions
into two main categories:

¢ Boundary conditions regarding downstream and upstream processes
e Boundary conditions regarding material included in the analysis

To address the second category and to enhance transparency in the LCE-analysis, one may
separately analyze the embodied energy of a measure taken to improve the operating
energy use of a building. This approach is based on a marginal utility approach and assumes
that the building or buildings that are analyzed is/are to be built anyway. It is therefore
sufficient to analyze the specific effect of different measures in relation to a reference case in
order to find good measures from a LCE perspective. This may be implemented in different
ways.

Leckner et al [45] use two different indices in LCE-analysis; Energy Payback Ratio, EPR, and
Energy Payback Time, EPT. The indices are described in Equation 2 and Equation 3.

Hernadez et al [76] suggest the use of a similar index as EPR called Net Energy Ratio, NER.
The difference between the two indices is that EPR is based on the total changes over the
life cycle and NER is based on the annual change, Equation 4. If the operating energy use is
based on a simulation of the energy demand and assumes that the energy supply system,
extraction of raw materials for production of energy etc. do not change over time, EPR and
NER will have the same quota. The NER may also be referred to as Energy Yield Ratio or
Energy Return of Investment.

EPR = AOE/AEE; @)

where EPR is the energy payback ratio for a specific measure, AOE;- is the total life cycle
difference of operating energy due to the specific measure and AEE;- is the total difference of
embodied energy due to the specific measure.

EPT = AEE/AOE ©)
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where EPT is energy payback time for a specific measure and AOE is the annual difference
of operating energy due to the specific measure.

NER = AOE/ AEE 4)

where NER is the net energy ratio for a specific measure and AEE is the annual difference of
embodied energy due to the specific measure.

3.15 Age of data

Energy use means capital expenditures. Therefore, in the production and distribution of
materials and components the industry is always looking for cost-efficient ways to streamline
and decrease the energy use. As a hatural consequence, age of data has a large impact on
the result of an analysis. A good example of where the market has decreased costs and
decreased energy use is the production of Crystalline Silicon PV modules. In [77] the overlap
between price and energy pay-back time of Crystalline Silicon PV modules were presented.
The study showed that the EPT of PV modules decreased from 20 years, in the 1970s, to
below five years, in 2005.

3.1.6 Different data bases

As mentioned in Section 3.1.1, a number of tools and databases that can be used to compile
and analyze embodied energy for buildings are available today. Dixit et al [46] highlight and
discuss the source of data as an important parameter that influences the result in embodied
energy analysis.

Villa et al [44] present five case studies in which three different databases have been used
(Case studies 43-58 in Appendix A, Table A.2). A comparison of the results of calculated
embodied energy show a percentage difference of 15% - 87% for the different case studies
due to use of different databases. The authors conclude that an important contributing factor
to the differences is different methods used to quantify embodied energy for wooden
products in databases used in their analysis.

The differences in the data bases are in general due to the above-named parameters and
due to specific conditions regarding energy-mix, fabrication methods and transportation.

3.2 Analysis of case studies

Results given in this section are based on all 154 cases studies.

In Fig. 3 the relationship between operating energy and life cycle energy is presented for all
cases from the literature review together with data from Minergie-A buildings [20, 30, 32-45].
In Fig. 4, case studies with operating energy>100 kWh/(m?a) are excluded. The relationship
between operating energy and life cycle energy is almost linear. This data correspond well
with the earlier, highlighted, linear relationship in [19, 20]. The negative values of operating
energy occur if the energy supply exceeds the energy demand.
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Fig. 3 Relationship between operating energy (OE) and life cycle energy (LCE), primary energy. All
154 case studies are included.
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Fig. 4 Relationship between operating energy (OE] and life cycle energy (LCE), primary energy.
Case studies with OE<100 kWh/(m*al.

Low energy buildings and Net ZEBs usually requires more material in form of insulation and
installations (PV panels, solar thermal collectors, heat pumps etc.). Hence it could be logical
to assume that the linear relationship between operating energy and life cycle energy would
flatten out. However the tendency is that the linear relationship is constant. This may be due
to that design and construction often has a focus on sustainable material management.
Furthermore, PV panels and solar thermal collectors generate more energy during building
operation, compared to the embodied energy. It may also be partly due to that newer
buildings show a tendency of a lower embodied energy compared to older buildings, see Fig.
5. The decrease could be due to more efficient use of materials and more efficient
manufacturing.
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Fig. 5 Embodied energy (primary energy] by year of construction.

In Fig. 6 and Fig. 7 the relationship between the operating energy and the embodied energy
as percentage share of life cycle energy use is presented together with an exponential
regression for residential buildings and non-residential buildings. As there are no case
studies for non-residential buildings where operating energy<0 kWh/(m?a), data for a fictitious
building have been incorporated.

Using the exponential regression formulas, the embodied energy exceeds 50% of life cycle
energy use when the annual operating energy use is =33 kWh/(m?a) and =45 kWh/(m?a) for
residential and non-residential buildings respectively. It may occur as strange that embodied
energy as a share of life cycle energy exceeds 100% when the operating energy <0
kWh/(m?a). The effect is due to buildings that annually supply more energy than the annual
energy demand, every year generating a surplus and thus reducing the total life cycle energy
use.

300%
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Fig. 6 Relationship between OE and EE/LCE [primary energy] for residential case studies with
OE<100 kWh/(m’a).
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Fig. 7 Relationship between OE and EE/LCE [primary energy) for non-residential case studies with
OE<100 kWh/(m“a).

3.3 Detailed analysis of Minergie-A buildings

3.3.1 Characteristics of Minergie-A buildings

A summary of the gathered data from the Minergie-A database is presented in Table 3. All
cases are residential buildings. Three stakeholders outperform the Minergie-A requirement of
Net ZEB, balance, with the goal to reach Net ZEB balance (Case studies 71, 74 & 77).

All case studies have installed PV panels. Except no 76, all buildings have applied energy
efficiency measures similar to a Passive House design with advanced thermal insulation and
ventilation with heat recovery. Buildings without heat pump (HP), have installed pellet-/wood
boiler. None of the Net ZEB buildings have installed heat pump.

Table 3 Summary of characteristics for Minergie-A buildings [30]

Case Gross area Life EE OE LCE

study [m?] span [kWh/(m?a)] [kWh/(m?a)] [kWh/(m?a)]
71 374 60 53 -33 20
72 227 60 32 29 60
73 440 60 49 49 98
74 290 60 48 -16 32
75 221 60 43 25 67
76 306 60 38 39 78
77 249 60 37 -21 16
78 314 60 34 26 60
79 1206 60 37 7 44
80 1087 60 34 37 71
81 1056 60 44 49 93
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The deviation and mean values of photovoltaic peak power and area of solar thermal
collectors (STC) per heated areas based on Table 3 and sorted by the Net ZEB balance
concept are shown in Fig. 8. Generally, buildings without a heat pump (HP) have larger solar
thermal collectors and PV panels than buildings with heat pump. Also, buildings with Net
ZEB balance have larger solar thermal collectors and higher installed nominal power (kWp)
for PV panels than buildings with Net ZEB, balance.

In case studies with Net ZEB, balance, installation of a heat pump enables a mean reduction
of solar thermal collectors by 50%. Installed nominal power (kWp) for PV panels are roughly
the same. None of the Net ZEB balance buildings have heat pump.

Assuming that the buildings are equal to low energy/Passive House standard, taking the step
from a low energy house/Passive House to a Net ZEB, acquires instalment of 0.019 kWp PV
panels and 0.030 m? of solar thermal collectors per gross heated floor area. Alternatively;
0.020 kWp for PV panels, 0.015 m? of solar thermal collectors and a heat pump.

Comparing cases without heat pump; taking the step from Net ZEB, to Net ZEB acquires a
mean increase of PV panels by 0.018 kWp and solar thermal collectors by 0.050 m? per
gross heated floor area. This roughly corresponds to, taking the step from Net ZEB, to Net
ZEB, a doubled kWp installed for PV panels. The ratio of solar thermal collector area,
comparing Net ZEB and Net ZEB,, are eight to three.
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Fig. 8 PV and ST, sorted by type of Zero-balance concept and with/without installed HP.
Distribution of PV and ST per heated floor area..

The average installed PV power, kWp/m?, for Net ZEBs corresponds well with [12], which
provides more in-depth analysis of Net ZEB characteristics. More detailed analyses of the
characteristics of Net ZEBs may also be found in [3, 4].

3.3.2 Energy Payback Time and Net Energy Ratio

Energy Payback Time (EPT) and Net Energy Ratio (NER) were calculated according to
Equation 3 and Equation 4. In order to calculate EPT and NER, AOE needs to be calculated.
The calculations are based on non-renewable primary energy.

The results differ depending on the energy source replaced. E.g. if solar thermal collectors
are replacing 1 kWh of electricity; AOE=2.52 kWh, replacing 1 kWh of district heating;
AOE=0.79 kWh etc.
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To compare the different energy supply strategies: district heating, electricity, oil or natural
gas was compared with the photovoltaic, solar thermal or heat pump systems. The deviation
and mean value of EPT and NER for all cases are presented in Table 4. Basis for the
calculations is presented in Appendix B.

Heat pumps show by far the lowest EPT, often less than one year. The EPT for PV panels
are often ten times higher, and for solar thermal collectors often three times higher. Hence,
installing a heat pump is a recommended solution from a LCE perspective.

PV panels have the highest EPT and should therefore be the last option to consider. If, for
any reason, the option of installing a heat pump is not chosen; the appropriate design
strategy would be to first size and install a solar thermal collector system with respect to the
energy needed for heating before considering PV. Furthermore, electricity generated from
PV should not be used within the building to replace district heating; instead it should be
exported to the grid, in order to replace electricity. However, this design strategy assumes
that there is always an energy load in the grid. Furthermore it does not consider possible
increased stress on the grid if an export strategy is chosen.

Examining the NER calculations, where high NER is preferable, confirms the
recommendations above. However, some differences may be noted. Within the EPT
comparison, there was roughly a factor three difference between PV panels and solar
thermal collectors. Comparing NER, the difference is reduced; roughly to two. Comparing the
heat pumps and solar thermal collectors, the mean factor difference of EPT is 3.8. The mean
factor difference of NER is 5.8. The differences occur due to that the NER methodology
includes the effect of the expected service life time of a measure. In this case the service life
times are 30 years for PV panels and heat pumps, and 20 years for solar thermal collectors.

Table 4 Results from calculations of EPT and NER

eRr?ger;as?Jlgply Effr'fg‘”g energy EZZE]V payback fime Net energy ratio [
option Max Min Mean Max  Min Mean
Photovoltaic District heating 13.1 10.4 115 29 23 2.6
Electricity 4.1 3.2 3.6 92 73 8.3
Qil 7.7 6.1 6.8 50 39 4.5
Natural gas 8.6 6.8 7.6 44 35 4.0
Solar thermal District heating 4.7 2.6 3.8 76 4.3 5.4
Eéi‘iﬂf;“y for 13 07 11 270 152 19.3
oil 2.7 15 2.2 130 7.3 9.3
Natural gas 3.1 1.7 2.5 11.6 65 8.3
Heat pump District heating 1.3 1.0 1.1 30.1 222 27.6
Egt}g;ity for 04 03 03 1066 788 92.8
Qil 0.8 0.3 0.5 94.0 38.0 68.8
Natural gas 0.9 0.3 0.5 94.0 33.8 66.3
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3.3.3 Distribution of embodied energy in Minergie-A projects

The distribution of embodied energy within the different Minergie-A cases are presented
here. The results should be studied in the context that they are based on mid-European
climate and primary energy factors for Swiss non-renewable primary energy factors [31].

The deviation of embodied energy in Minergie-A cases is shown in Fig. 9. Roughly 60 % of
the embodied energy is due to the structural elements, 20 % for HYAC and 20 % for solar
thermal collectors and PV panels. Heavy weight buildings do not necessarily have a higher
embodied energy for structural elements. This could be a result of differences in expected life
span for light and heavy weight constructions. Light weight walls have an expected life span
of 40 years, heavy walls 60 years [29].
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Fig. 9 Embodied energy (EE] within Minergie-A cases (non-renewable primary energy). Cases
marked with *; indicates heavy weight superstructure.

The detailed distribution of embodied energy and operating energy use is presented in Fig.
10. For each project, demand and supply related to operating energy and embodied energy
is presented. E.g. there is an energy demand to produce PV panels, presented as embodied
energy on the demand side in Figure 10 (EE PVs). However, the PV panels also supply
energy during building operation, presented as operating energy on the supply side (OE
PVs).

Examining the demand for the different cases, the following rough division may be done: 35
% is embodied energy, 45 % is demand for plug loads and lighting and 20% is demand for
heating, hot water and mechanical systems. The deviation of loads are roughly the same for
buildings with Net ZEB, balance and Net ZEB balance.
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Minergie-A projects (non-renewable primary energy).

Fig. 11 shows mean values of operating energy use and embodied energy for the three
different building standards based on the 11 Minergie-A cases, recalculated as stated in
chapter 2.2. Also the variation of the total life cycle energy use is presented.

The results show that the increase of embodied energy does not negatively affect the step
from a low energy building towards a Net ZEB. When taking the step from a low energy
building to a Net ZEB, the increase of embodied energy is about 25%. However, the
operating energy use drops down to zero. The life cycle energy use of a Net ZEB is
calculated to be about 40 % of the life cycle energy use a low energy building. The life cycle
energy use of a Net ZEB is much lower compared to a low energy building.
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Fig. 11 Mean values of embodied energy (EE), operating energy (OE) and the variation of life cycle
energy use (non-renewable primary energy), comparing three different building standards.
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4 Conclusions

Since the oil crisis in the 1970s, efforts have been made to reduce energy use in buildings to
reduce the oil dependency. Today, reduction of energy use in buildings is also seen as an
important strategy for climate mitigation. As the operational energy (OE) is reduced, the
relative share of embodied energy (EE) increases.

Worldwide, extensive work has been carried out or is in progress to identify and calculate the
environmental impact from construction materials or assemblies. However, a mandatory
national requirement for buildings is unlikely to be seen within the next few years. This is
largely due to that it requires a large effort to collect, calculate and analyze the environmental
impact of different materials. Furthermore, there is no standardized approach for data
collection.

In the review of previous studies, five parameters have been identified which vary between
the different studies and thus may influence the outcome; metric of evaluation, assumed life-
span, boundary conditions, age of data and the origin of database. In order to increase
transparency and allow for comparison between different studies, these parameters should
always be clearly stated. In the review, it is possible to distinguish favoured choices within
two of the parameters; life-span and metric of evaluation. The most used life span is 50 years
and most studies choose consistently to apply primary energy for the LCE analysis.

The literature review shows that methods for calculating life cycle energy use are far from
standardized. Today, it is therefore not suitable to try to include EE in a Net ZEB balance.
However, it may be suitable to have as an additional/complementing requirement as defined
within the Minergie-A requirements. To further facilitate the interpretation, clarification of
results and increased transparency of analysis, the guidelines given in EN ISO 14040 [78]
and EN ISO 14044 [79] may be followed.

Despite differences in different studies, the compilation shows that the previously found
linear relationship between OE and LCE [19, 20] remains when the step is taken towards the
Net ZEB balance.

Taking the step from Net ZEB, to Net ZEB by increasing the use of solar energy roughly
doubles the needed kWp of PV panels and more than doubles the area of solar thermal
collectors. It is therefore imperative that all possible and cost efficient energy efficiency
measures are applied in order to enable reaching the Net ZEB balance, especially in larger
building where the relative areas suitable for PV panels and solar thermal collectors in
relation to the heated area decreases. The analysis of EPT and NER for solar energy options
shows that electricity from PV panels should primarily be used to replace electricity, not
transformed and used for space heating or hot water heating.

The detailed analysis of the 11 Minergie-A buildings show that roughly 45 % of energy
demand is due to plug loads and lighting and 35 % is embodied energy. The remaining
energy loads are energy for heating, hot water and HVAC systems. The embodied energy is
roughly to 60 % due to structural elements, 20 % due to HVAC systems and 20 % due to ST
collectors and PV.

The embodied energy increases slightly when taking the step from a low-energy building
towards Net ZEB balance. However, the energy savings achieved related to building
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operation OE exceeds, with great margin, the increased embodied energy. The overall
assessment shows that the life cycle energy use of a Net ZEB is about 60% lower compared
with the life cycle energy use of a low energy building/Passive House. From a life cycle
energy perspective, the Net ZEB is preferable over a low energy building.

Today, structural elements hold the largest share of embodied energy in buildings.
Therefore, a first step of implementing analysis of embodied energy could focus on structural
elements. Technical systems that reduce the operating energy use, e.g. solar thermal
collectors, PV panels and heat pumps, if properly designed; always reduce the operating
energy use more than the increase of the embodied energy incorporated in the technical
system.

The embodied energy has decreased slightly over time, indicating that the construction of
buildings and technical systems in general has become more efficient over time. However,
the relative share of embodied energy of the total life cycle energy is increasing. Increased
use and acceptance of LCE analysis as an important parameter in the design of buildings
may in a near future lead to design decisions not only based on energy savings related to
operating energy. Thus, in new construction, choosing insulation material with low EE
instead of increasing the amount of insulation in an already well-insulated construction may
be a decision in a not so distant future.
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Appendix A

Table A.1 Summary of gathered non-residential case studies with L CE-analysis (Primary energy)

Case Size Lifespan EE OE LCE Reference

study [m?] [kWh/m?a] [kWh/m?a] [kWh/m?a]
1 4400 50 38 258 296 [32]
2 4400 50 78 376 453 [32]
3 2151 80 30 70 100 [33]
4 4719 80 51 143 194 [34]
5 1700 50 67 56 123 [35]
6 1516 50 48 67 114 [4, 36]
7 11170 38 29 50 79 [37]
8 7300 75 28 1142 1170 [38]
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Table A.2 Summary of gathered residential case studies with LCE-analysis (Primary energy|

Case Size Lifespa EE OE LCE Reference
study [m?] n [KWh/m?a] [KWh/m?a] [kWh/m?a]

9 236 50 34 206 240 [39]
10 91 50 57 208 265 [39]
11 135 50 39 317 356 [39]
12 155 50 52 310 362 [39]
13 132 50 58 236 294 [39]
14 163 50 46 172 218 [39]
15 120 50 55 255 309 [39]
16 140 50 46 403 449 [39]
17 239 50 54 195 250 [39]
18 211 50 66 187 252 [39]
19 140 50 36 185 221 [39]
20 130 50 61 192 253 [39]
21 154 50 41 211 252 [39]
22 120 50 55 322 377 [39]
23 147 50 63 168 231 [39]
24 170 50 56 188 244 [39]
25 120 50 91 241 332 [39]
26 320 50 47 200 247 [39]
27 121 50 48 305 353 [39]
28 164 50 61 327 388 [39]
29 122 50 61 189 250 [39]
30 305 50 40 111 151 [39]
31 168 50 52 202 254 [39]
32 192 50 60 166 227 [39]
33 124 50 95 417 512 [39]
34 200 50 20 44 64 [40]
35 200 50 17 46 63 [40]
36 200 50 16 51 66 [40]
37 200 50 19 49 67 [40]
38 200 50 14 77 91 [40]
39 108 50 61 163 223 [41]
40 45 60 26 15 40 [42]
41 228 50 37 353 390 [43]
42 228 50 41 115 157 [43]
43 1404 50 23 217 240 [44]
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44 1404 50 54 217 271 [44]
45 1404 50 64 217 281 [44]
46 1404 50 16 228 245 [44]
47 1404 50 20 228 248 [44]
48 1404 50 26 228 255 [44]
49 1404 50 20 227 246 [44]
50 1404 50 23 227 250 [44]
51 1404 50 23 227 250 [44]
52 1453 50 31 131 163 [44]
53 1453 50 59 131 190 [44]
54 1453 50 51 131 182 [44]
55 1484 50 33 125 158 [44]
56 1484 50 48 125 172 [44]
57 1484 50 38 125 163 [44]
58 982 50 80 62 143 [44]
59 96 50 18 239 258 [45]
60 96 50 19 184 203 [45]
61 96 50 20 155 175 [45]
62 96 50 23 95 119 [45]
63 96 50 25 78 102 [45]
64 96 50 26 66 93 [45]
65 96 50 27 65 92 [45]
66 96 50 29 55 84 [45]
67 96 50 31 50 81 [45]
68 96 50 35 31 66 [45]
43 96 50 39 12 51 [45]
70 96 50 44 7 37 [45]
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Appendix B

Table B.1 Effect on LIEEr and LIEE in Minergie-A case studies due to PV and ST collectors

Case AEET * AEE * -AOE**

study [KWh/m? heated area] [KWh/a, m? heated area] [KWh/a, m? heated area]

PV STC HP PV STC HP PV STC HP

71 341 64 11.4 3.2 37.5 18.3
72 153 33 51 1.6 15.9 10.2
73 151 28 29 5.0 14 1.0 14.6 7.8 26.8
74 313 63 10.4 3.2 33.7 30.6
75 198 6.6 24.1
76 162 32 29 54 1.6 1.0 15.7 11.7 36.3
77 270 62 9.0 3.1 32.9 25.5
78 161 32 5.4 1.6 19.6 8.7
79 241 28 8.0 14 26.2 9.7
80 160 29 5.3 1.0 18.2 34.7
81 118 29 3.9 1.0 12.9 35.5

* Non-renewable primary energy

** Un-weighted energy. Differences in primary energy are calculated using factors
presented in Table 2
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