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a  b  s  t  r  a  c  t

The  paper  aims  to  investigate  whether  it is  possible  to achieve  a net Zero  Emission  Building  (nZEB)  by
balancing  emissions  from  the  energy  used  for operation  and  embodied  emissions  from  materials  with
those  from  on-site  renewables  in the  cold  climate  of  Norway.  The  residential  nZEB  concept  is a  so-called
all-electric  solution  where  essentially  a  well-insulated  envelope  is heated  using  a heat pump  and  where
photovoltaic  panels  (PV)  production  is  used  to achieve  the  CO2eq balance.  In  addition,  the  main  drivers  for
the  emissions  are  revealed  through  the CO2eq calculation  for a typical  Norwegian,  single-family  house.  This
concept  building  provides  a benchmark  rather  than  an  absolute  optimum  or an  architectural  expression
of  future  nZEBs.  The  main  result  of  this  work  shows  that the criteria  for  zero  emissions  in  operation
(ZEB-O)  is  easily  met,  however,  it was  found  that  the  only  use of roof  mounted  PV  production  is  critical  to
counterbalance  emissions  from  both  operation  and  materials  (ZEB-OM).  The  results  show  that  the  single-
family  house  has  a  net  export  to the  electric  grid  with  a need  for  import  only  during  the  coldest  months.
In  the  next  stage  of  the  work,  the  concept  will  be  further  optimised  and  the  evaluation  method  improved.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

It is well known that the environmental performance of build-
ings needs to be drastically improved, especially in terms of energy
use and CO2eq emissions. In order to face this challenge, the concept
of zero energy building has emerged. Significant efforts to define
these buildings have been done in the IEA SHC Task 40 [1]. For
example, the paper of Marzal et al. [2] gives an overview of exist-
ing net zero energy definitions, while the work of Sartori et al. [3]
proposes a concrete framework for their definition. At the Euro-
pean level, the revised directive on Energy Performance of Buildings
(EPBD) [4] requires that all new buildings should be nearly zero-
energy by 2020. This has led to extensive work about zero energy
buildings and their definition in which Norway plays an active role.
For instance, the Norwegian Research Council has recently funded
the Research Centre on Zero Emission Buildings (ZEB). The ZEB Cen-
tre has chosen to mainly focus on CO2eq emissions, the goal being
to minimise the impact of buildings on the global warming.

The approach followed by the ZEB Centre is a holistic one. For
example, all emissions related to the energy used for operation
should be accounted for, as well as, embodied emissions from
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materials. Given these ambitious objectives, a large set of meas-
ures should be taken at the level of the building starting from the
envelope efficiency to building services including the onsite renew-
able energy conversion. In practice, only a coherent set of these
measures may  lead to the ZEB balance. It then leads the Centre
to investigate ZEB concepts. The present article reports on these
developments, especially regarding new residential buildings.

The first stage involves the evaluation of the current available
technology. This is done by taking a realistic ZEB concept together
with a reasonable ZEB definition, applied to a typical residential
building typology. A so-called all-electric solution has been selected
as it is a common strategy often found in the zero energy building
community [5]: solar thermal panels combined to heat pumps
covers heating needs while photovoltaic panels (PV) produces
electricity. The objective of this research is to investigate whether
the current technology enables us to build a ZEB that balances the
energy used for operation (ZEB-O), and ultimately, that counterbal-
ances embodied emissions from materials (ZEB-OM). Furthermore,
the goal of these calculations is to estimate, and thus provide an
overview, of the materials and systems which contribute the most
to the CO2eq emissions over the building lifetime (here taken as 60
years). Results of this work will provide a benchmark for Nordic
conditions (i.e. cold climate) thus providing a starting point of
comparison. It is important to note that the investigated concept
should neither be considered as an absolute optimum nor as the
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architectural expression of future nZEBs, yet it is a realistic concept
from a functional performance point of view.

The remainder of the article is organised as follows. Firstly, the
ZEB definition within the Centre is given along with the under-
lying philosophy (Section 2). Secondly, the methodology used to
evaluate CO2eq emissions and the ZEB balance is described (Section
3). Thirdly, the evaluation is done on a concept building using an
all-electric strategy (Section 3). Finally, results are presented and
discussed (Sections 4 and 5) before conclusions are given (Section
6). For ease of clarity, the terminology of the EN 15603 [6] is fol-
lowed. Finally, a technical report with comprehensive description
of the methodology and results is available in the public domain
[7].

2. ZEB definition

In order to develop solutions and concepts for zero emission
buildings, it is necessary to first have a sound definition of ZEB
(for single buildings, and also cluster of buildings). The most rele-
vant aspects of the Norwegian ZEB Centre definition are described
below, while the interested reader can refer to more detailed infor-
mation in Dokka et al. [8]:

1. Ambition level: Four different ambition levels are defined, where
the lowest ambition level is ZEB-O-EQ,  equivalent to a zero emis-
sion level for operation of the building (O), but excluding the
energy use for appliances and equipments (EQ). ZEB-COM is the
highest ambition level where construction (C), operation and
embodied emissions including demolition (M)  are taken into
account. Two  intermediate levels, ZEB-O and ZEB-OM, are also
defined and are the levels investigated in the present study.

2. Rules of calculation: Building energy needs should be calculated
according to the Norwegian official standards [9–11]. The life-
time of the building is assumed to be 60 years.

3. System boundaries: Local renewable electricity shall be produced
on-site, but off-site renewables (e.g. bio-fuels) can be used in
this electricity production. Thermal energy production for the
building or area (cluster of buildings) can be both on-site and off-
site, but emission from the real energy mix  shall be used and the
total system losses from production to emission in the building
shall be taken into account.

4. CO2 factors:  The paper only reports on an all-electric approach
for the energy supply, therefore only the CO2eq factor for the
electricity mix  will be introduced here. This calculation pro-
cedure requires defining a CO2eq factor corresponding to the
building lifespan of sixty years. No official value or consen-
sus on a CO2eq factor currently exists in Norway. However, the
main assumptions used here are that Nordic and European grids
will be strongly interconnected. An average European mix  is
therefore considered. Furthermore, in line with the long-term
political goals for the electricity production in Europe [12,13],
a 90% reduction of the CO2eq emissions is assumed for 2050.
By extrapolating this trend, assuming a lifetime of 60 years for
buildings as well as constant building needs over this period,
the average CO2eq factor for electricity can be calculated at
0.132 kgCO2eq/kWh for a building constructed in 2013 [14].

5. Energy efficiency: To assure a minimum level of energy efficiency,
the criteria for low energy buildings in NS3700 [10] and NS3701
[11] shall be a minimum requirement. These standards give
a maximum allowed heating-, cooling- and artificial-lighting
demand, and, in addition, a maximum specific heat loss. There
is also a minimum requirement for windows, doors, thermal
bridges and ventilation (heat recovery and fan power).

6. Mismatch:  Mismatch between the energy demand of the build-
ing(s) and the on-site energy production can be considerable

on an hourly, daily, weekly and annual basis, and can lead to
stress on the grid and varying CO2eq emissions. However, based
on current available methods and data, a first approach is to use
a constant CO2eq factor with no daily, weekly or annual vari-
ation, and use the same factor for both import and export of
electricity to/from the building(s), a so-called symmetric weight-
ing [3]. However, load match factors can be used to estimate the
mismatch between demand and production [3].

7. Indoor climate: All ZEB-buildings (within the ZEB-Centre) should
comply to the indoor climate requirement in the Norwegian
building code [15]. In addition the requirement on local dis-
comfort for category B in appendix A in ISO 7730 [16] shall be
met.

3. Methodology

3.1. Evaluation of the CO2 emissions

A typical building typology is first established as a base case. The
design of the building envelope and service systems is defined in
detail in order to make a proper evaluation of the loads in oper-
ation, as well as, the embodied CO2eq emissions of the materials
(used in the envelope and technical systems). The evaluation of the
delivered energy is divided into two  consecutive steps. Firstly, the
building needs are established using the current Norwegian regula-
tion (i.e. NS 3031 [9]). Practically, simulation of the annual heating
and cooling demand, peak heating and cooling loads has been done
using SIMIEN [17]. Secondly, the systems efficiency, including aux-
iliaries, is computed in order to determine the resulting energy use
by building service. By summing these energy uses, the delivered
energy to the building is known and converted into CO2eq emis-
sions. A single PV installation that maximizes the production on
the flat roof is designed. Its embodied emissions are accounted
for, while its electricity generation is used to offset the total CO2eq
emissions.

3.2. Choice of emission factors for electricity mix

In agreement with the ZEB Centre definition, the current sym-
metric emission factor of 0.132 kgCO2eq/kWh is used to calculate
the emissions from the electricity used for operation, as well as,
in the calculation of emissions from the electricity from the PV
cells. However, for materials, the Ecoinvent database [18] is used to
source the emission factors for each specific material depending on
its country of production. The emission factors are dependent on
the current emission factor for the electricity mix  in each respective
country. For example, the concrete used in the analysis is based on a
concrete process from Switzerland using the Switzerland electric-
ity mix  as an input, whereas the solar cell production is based on
the UCTE electricity mix  (average European mix). These emission
factors for materials are assumed constant throughout the lifetime
of the building.

3.3. Building model

The concept building is a timber frame two storey’s single-
family house, see Fig. 1. With the present test case, there is no
intention to promote an architectural expression for future nZEBs.
In practice, the building typology was  designed to be generic
enough to enable a realistic CO2eq assessment to be completed,
whilst its flat roof was  selected in order to accommodate a large
area of PV.

The 3D architectural drawings and 3D BIM modeling have
been done in Revit [19]. The building footprint is approximately
8 m × 10 m.  Each floor has a heated floor area (BRA) of 80 m2, giv-
ing a total area of 160 m2, see Fig. 2. The total windows and door
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