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a  b  s  t  r  a  c  t

The  term  Net  ZEB,  Net  Zero  Energy  Building,  indicates  a  building  connected  to  the  energy  grids.  It is
recognized  that the  sole  satisfaction  of an  annual  balance  is not sufficient  to fully  characterize  Net  ZEBs
and  the  interaction  between  buildings  and energy  grids  need  to be  addressed.  It  is  also  recognized  that
different  definitions  are  possible,  in  accordance  with  a country’s  political  targets  and  specific  conditions.
This  paper  presents  a consistent  framework  for setting  Net  ZEB  definitions.  Evaluation  of  the  criteria
in  the  definition  framework  and  selection  of  the related  options  becomes  a  methodology  to  set Net  ZEB
definitions  in  a systematic  way.  The  balance  concept  is  central  in  the  definition  framework  and  two  major
oad matching
rid interaction

types  of  balance  are  identified,  namely  the  import/export  balance  and  the  load/generation  balance.  As
compromise  between  the  two  a simplified  monthly  net  balance  is  also  described.  Concerning  the  temporal
energy  match,  two major  characteristics  are  described  to reflect  a Net  ZEB’s  ability  to  match  its own  load
by on-site  generation  and  to work  beneficially  with respect  to the  needs  of  the  local  grids.  Possible
indicators  are  presented  and  the  concept  of  grid  interaction  flexibility  is introduced  as  a  desirable  target
in the  building  energy  design.
. Introduction

The topic of zero energy buildings (ZEBs) has received increasing
ttention in recent years, until becoming part of the energy policy in
everal countries. In the recast of the EU Directive on Energy Perfor-
ance of Buildings (EPBD) it is specified that by the end of 2020 all

ew buildings shall be “nearly zero energy buildings” [1].  For the
uilding Technologies Program of the US Department of Energy
DOE), the strategic goal is to achieve “marketable zero energy
omes in 2020 and commercial zero energy buildings in 2025”
2]. However, despite the emphasis on the goals the definitions
emains in most cases generic and are not yet standardized. A more
tructured definition, even though limited in scope to new residen-
ial buildings, is the one of ‘zero carbon homes’ in the UK, where
here is a political target to build all new homes as zero carbon
y 2016. The zero carbon definition has undergone a lengthy pro-
ess that started in 2006 and was still subject to revisions in 2011
3,4]. Otherwise, the term ZEB is used commercially without a clear
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

nderstanding and countries are enacting policies and national
argets based on the concept without a clear definition in place.
ommercial definitions may  be partial or biased in their scope,
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for example including only thermal or only electrical needs in the
balance, or allowing for energy inefficient buildings to achieve
the status of ZEB thanks to oversized PV systems, but without
applying relevant energy saving measures. For these reasons such
definitions are not suitable as a basis for regulations and national
policies.

Relevant work can be found in literature on existing and pro-
posed definitions [5–13] and survey and comparison of existing
case studies [14,15]. Furthermore, an international effort on the
subject is ongoing in the International Energy Agency (IEA) joint
Solar Heating and Cooling (SHC) Task40 and Energy Conserva-
tion in Buildings and Community systems (ECBCS) Annex52 titled
“Towards Net Zero Energy Solar Buildings” [16]. It emerges from
these analyses that little agreement exists on a common definition
that is based on scientific analysis. There is a conceptual under-
standing of a ZEB as an energy efficient building able to generate
electricity, or other energy carriers, from renewable sources in
order to compensate for its energy demand. Therefore, it is implicit
that there is a focus on buildings that are connected to an energy
infrastructure and not on autonomous buildings. To this respect the
term Net ZEB can be used to refer to buildings that are connected
to the energy infrastructure, while the term ZEB is more general
ings: A consistent definition framework, Energy Buildings (2012),

and may  as well include autonomous buildings. The wording ‘Net’
underlines the fact that there is a balance between energy taken
from and supplied back to the energy grids over a period of time,
nominally a year.

dx.doi.org/10.1016/j.enbuild.2012.01.032
dx.doi.org/10.1016/j.enbuild.2012.01.032
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
mailto:igor.sartori@sintef.no
mailto:assunta.napolitano@eurac.edu
mailto:kvoss@uni-wuppertal.de
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 IN PRESSG Model
E

2 d Buildings xxx (2012) xxx–xxx

t
e
g
b
a
f
i
r
O
o
p
d
t
i
a
o
t
p
b
w
I
t
n

a
f
o
c
s
s
r
t

f
i
c
t
w
a
t
T
n
[

2

n
b

2

o

•

•

Table 1
Nomenclature.

CHP Combined heat and power
COP Coefficient of performance
DHW Domestic hot water
DSM Demand side management
HVAC Heating, ventilation and air conditioning
Net ZEB(s) Net zero energy building(s)
RES Renewable energy sources
STD Standard deviation
d,  D Delivered, delivered weighted
e,  E Exported, exported weighted
fgrid Grid interaction index
fload Load match index
g, G Generation, generation weighted
gm Net monthly generation, annual total
Gm Net monthly generation weighted
i Energy carrier
l, L Load, load weighted
lm Net monthly load, annual total
Lm Net monthly load weighted
m  Month
max Maximum
min  Minimum
ARTICLENB-3583; No. of Pages 13
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As discussed in [15] the Net ZEB approach is one strategy
owards climate neutral buildings, in addition to others based on
nergy efficient buildings combined with almost carbon neutral
rid supply. Net ZEBs are designed to overcome the limitation given
y a non 100% ‘green’ grid infrastructure. Exploiting local renew-
ble energy sources (RES) on-site and exporting surplus energy
rom on-site generation to utility grids is part of the strategy to
ncrease the share of renewable energy within the grids, thereby
educing resource consumption and associated carbon emissions.
n the other hand, especially for the power grid, wide diffusion
f distributed generation may  give rise to some problems such as
ower stability and quality in today’s grid structures, mainly at local
istribution grid level. Development of “smart grids” is ongoing
o fully benefit from distributed generation with respect to reduc-
ng the grids primary energy and carbon emission factors, as well
s operation costs. Within a least-cost planning approach, on-site
ptions have to be compared with measures at the grid level, which
ake advantage of the economy of scale and equalization of local
eaks. However, it is clear that the mere satisfaction of an annual
alance is not in itself a guarantee that the building is designed in a
ay that minimizes its (energy use related) environmental impact.

n particular, Net ZEBs should be designed – to the extent that is in
he control of the designers – to work in synergy with the grids and
ot to put additional stress on their functioning.

Considering the interaction between buildings and energy grids
lso leads to consider that every country, or regional area, has dif-
erent challenges to face with respect to the energy infrastructure,
n top of different climate and building traditions. Therefore every
ountry has the need to adapt the Net ZEB definition to its own
pecific conditions, e.g. defining the primary energy or carbon emis-
ion conversion factors for the various energy carriers, establishing
equirements on energy efficiency or prioritizing certain supply
echnologies.

What is missing is a formal, comprehensive and consistent
ramework that considers all the relevant aspects characteris-
ng Net ZEBs and allow each country to define a consistent (and
omparable with others) Net ZEB definition in accordance with
he country’s political targets and specific conditions. The frame-
ork described in this paper builds upon concepts found literature

nd further developed in the context of the joint IEA (Interna-
ional Energy Agency) SHC (Solar Heating and Cooling programme)
ask40 and ECBCS (Energy Conservation in Buildings and Commu-
ity Systems) Annex52: Towards Net Zero Energy Solar Buildings
16].

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

. Terminology and Net ZEB balance concept

The sketch shown in Fig. 1 gives an overview of relevant termi-
ology addressing the energy use in buildings and the connection
etween buildings and energy grids.

.1. Building system boundary

The boundary at which to compare energy flows flowing in and
ut the system. It includes:

Physical boundary: can encompass a single building or a group of
buildings; determines whether renewable resources are ‘on-site’
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

or ‘off-site’.
Balance boundary: determines which energy uses (e.g. heating,
cooling, ventilation, hot water, lighting, appliances) are included
in the balance.
t  Time interval
w  Weighting factor

2.2. Energy grids (or simply ‘grids’)

The supply system of energy carriers such as electricity, natu-
ral gas, thermal networks for district heating/cooling, biomass and
other fuels. A grid may  be a two-way grid, delivering energy to
a building and occasionally receiving energy back from it. This is
normally the case for electricity grid and thermal networks.

2.3. Delivered energy

Energy flowing from the grids to buildings, specified per each
energy carrier in (kWh/y) or (kWh/m2y). This is the energy
imported by the building. However, it is established praxis in many
countries to name this quantity ‘delivered energy’, see for example
[17].

2.4. Exported energy

Energy flowing from buildings to the grids, specified per each
energy carrier in (kWh/y) or (kWh/m2y).

2.5. Load

Building’s energy demand, specified per each energy carrier in
(kWh/y) or (kWh/m2y). The load may  not coincide with delivered
energy due to self-consumption of energy generated on-site.

2.6. Generation

Building’s energy generation, specified per each energy carrier
in (kWh/y) or (kWh/m2y). The generation may not coincide with
exported energy due to self-consumption of energy generated on-
site.

N.B. Design calculations to convert building energy needs, such
as for heating, cooling, ventilation, hot water, lighting, appliances,
into the demand for certain energy carriers (here ‘loads’), account-
ing for system efficiencies and interactions are not covered in this
ings: A consistent definition framework, Energy Buildings (2012),

paper; nor are calculations to determine on-site generation or pos-
sible self-consumption patterns. Readers are encouraged to refer to
their relevant national methodologies and regulations for guidance.

dx.doi.org/10.1016/j.enbuild.2012.01.032
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becomes a methodology for elaborating Net ZEB definitions in a sys-
tematic, comprehensive and consistent way. The Net ZEB definition
framework is organized in the following criteria and sub-criteria
(addressed with the symbol §  in the following of the paper):

weighted supp ly
[kWh, CO2, etc. ]

reference

net zero balance li ne

energy 
supp ly

Net ZE B
Fig. 1. Sketch of connection between buildin

.7. Weighting system

A weighting system converts the physical units into other met-
ics, for example accounting for the energy used (or emissions
eleased) to extract, generate, and deliver the energy. Weighting
actors may  also reflect political preferences rather than purely
cientific or engineering considerations.

.8. Weighted demand

The sum of all delivered energy (or load), obtained summing all
nergy carriers each multiplied by its respective weighting factor.

.9. Weighted supply

The sum of all exported energy (or generation), obtained sum-
ing all energy carriers each multiplied by its respective weighting

actor.

.10. Net ZEB balance

A condition that is satisfied when weighted supply meets or
xceeds weighted demand over a period of time, nominally a year.
he net zero energy balance can be determined either from the
alance between delivered and exported energy or between load
nd generation. The former choice is named import/export balance
nd the latter load/generation balance. A third option is possible,
sing monthly net values of load and generation and it is named
onthly net balance.

The Net ZEB balance is calculated as in Eq. (1):

et ZEB balance : |weighted supply| − |weighted demand| = 0 (1)

here absolute values are used simply to avoid confusion on
hether supply or demand is consider as positive. The Net ZEB

alance can be represented graphically as in Fig. 2, plotting the
eighted demand on the x-axis and the weighted supply on the

-axis.
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

The reference building may  represent the performance of a
ew building built according to the minimum requirements of the
ational building code or the performance of an existing building
rior to renovation work. Starting from such reference case, the
athway to a Net ZEB is given by the balance of two  actions:
 energy grids showing relevant terminology.

(1) reduce energy demand (x-axis) by means of energy efficiency
measures;

(2) generate electricity as well as thermal energy carriers by means
of energy supply options to get enough credits (y-axis) to
achieve the balance.

In most circumstances major energy efficiency measures are
needed as on-site energy generation options are limited, e.g. by
suitable surface areas for solar systems, especially in high-rise
buildings.

3. Framework for Net ZEB definitions

The balance of Eq. 1 represents the core concept of a Net ZEB
definition. In order to use such formula in practice several aspects
have to be evaluated and some explicit choice made, e.g. the met-
rics adopted for weighting and comparing the different energy
carriers. Additionally, other features than the mere balance over
a period of time may  be desirable in characterizing Net ZEBs.
These aspects are described and analyzed in a series of five criteria
and sub-criteria, and for each criterion different options are avail-
able. Evaluation of the criteria and selection of the related options
ings: A consistent definition framework, Energy Buildings (2012),

building
weighted demand
[kWh, CO2, etc.]

energy efficiency

Fig. 2. Graph representing the net ZEB balance concept.

dx.doi.org/10.1016/j.enbuild.2012.01.032
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 Building system boundary
1.1 Physical boundary
1.2 Balance boundary
1.3 Boundary conditions

 Weighting system
2.1 Metrics
2.2 Symmetry
2.3 Time dependent accounting

 Net ZEB balance
3.1 Balancing period
3.2 Type of balance
3.3 Energy efficiency
3.4 Energy supply

 Temporal energy match characteristics
4.1 Load matching
4.2 Grid interaction
Measurement and verification

1 Building system boundary

Defining the building system boundary is necessary to iden-
ify what energy flows cross the boundary. The building system
oundary can be seen as a combination of a physical and a balance
oundary. Only energy flows that cross the system boundary, i.e.
oth physical and balance boundaries, are considered for the Net
EB balance. This means, for example, that if a definition excludes
lug-loads from the balance boundary, the electricity used for plug-

oads is not to be counted. With design data this is not a problem.
ith monitoring data though, it represents a complication because

he power meter normally does not discern between the different
ower uses. A Net ZEB definition that does not include all opera-
ional energy services poses a challenge on building performance
erification because it requires a more sophisticated measurement
ystem, see criterion §5: Measurement and verification.

1.1 Physical boundary
The physical boundary may  be on a single building or on a cluster

f buildings. In this paper the focus is mainly on single buildings, but
he same framework would apply equally well to clusters of build-
ng. It is important to note though that a cluster of buildings implies

 synergy between several buildings which are not necessarily Net
EB as singles but as a whole.

The physical boundary is useful to identify so called ‘on-site’
eneration systems; so that if a system is within the boundary it
s considered on-site, otherwise it is ‘off-site’. As analyzed later in
riterion §3.4: Net ZEB balance – Energy supply, off-site supply
ptions may  or may  not be accepted for calculating the balance, or
ay  be given different priorities. As an example, one may  think

f a PV system installed on the parking lot, detached from the
ain building. If the boundary is taken on the building’s physi-

al footprint such system would then be regarded as off-site. If the
oundary instead is set on the building’s property or if the power
eter is taken as the physical boundary, then the PV system would

e on-site.
Furthermore, the physical boundary can be used to address the

roperty issue of RES installations. On one hand RES installations
r investments not on the building site may  be accountable in the
alance if financed by the building owner/constructor, as in the
K zero carbon home definition, see [18,19] and further discussion
n allowable solutions in criterion §3.4: Net ZEB balance – Energy
upply. On the other hand, a RES installation on the building site
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

ay  not be considered accountable for the building balance if it is
roperty of a third party, e.g. if the roof space has been rented to
n investor (utility company, ESCO, etc.) who owns the PV system
nd runs it independently.
 PRESS
dings xxx (2012) xxx–xxx

It has to be specified which two-way grids are available at the
physical boundary. A two-way grid is a grid that can deliver energy
to and also receive energy back from the building(s). Without a
two-way grid it is not possible to define a Net ZEB. The power grid
is normally available as two-way grid. Other two-way grids may be
local thermal networks, such as district heating/cooling networks.
Specific conditions are normally required by the grid operators in
order to accept exported energy, such as on frequency and voltage
tolerances (power grid) or temperature levels (thermal network).

§1.2 Balance boundary
The balance boundary defines which energy uses are considered

for the Net ZEB balance. Operational energy uses typically include
heating, cooling, ventilation, domestic hot water, fixed lighting and
plug-loads. National and commercial standards on energy perfor-
mance may  consider different combinations of them. Other energy
uses may  be included in the balance, even though they are typ-
ically not considered in building energy performance codes and
standards. This may  include treatment of rain water or charging of
electric vehicles. Electric vehicles are not a building related energy
use but charging their batteries may  be used as a way to optimize
the interaction with the grid (see criterion §4.2: Temporal energy
match characteristics – Grid interaction).

Other energy uses that do not occur in the operational phase, but
in the life cycle of a building may  be considered, such as embod-
ied energy/emissions in materials and technical installations. More
energy efficient and energy producing buildings are likely to deploy
more materials (e.g. insulation) and technical installations (e.g. PV
system) including materials whose manufacturing is energy inten-
sive. Consequently, the importance of embodied energy/emissions
increases and including it into the balance broadens the scope of Net
ZEBs as environmental friendly and sustainable buildings. Embod-
ied energy/emissions should be annualized for proper accounting
in addition to operational energy use; this implies making assump-
tion on the life time of the building and its components. Likewise,
also energy used for erection and demolition of the building could
be considered, even though their relative importance is generally
low and it may be justifiable to neglect it [20].

§1.3 Boundary conditions
A consistent Net ZEB definition should allow a meaningful com-

parison between similar buildings in similar climates, as well as
between the expected performance of a building from its design
data and the measured performance revealed by monitoring data,
see criterion §5: Measurement and verification. It is important to
understand if any deviation from expected values is attributable
to technical operating or design mistakes, or if it is simply due
to different conditions of use. For this purpose it is necessary to
explicitly specify a set of boundary conditions: functionality, space
effectiveness, climate and comfort.

The functionality describes what type of uses the building is
designed for, such as residential, office, school or hospital. In case
of multi-functional buildings it is necessary to specify how the floor
area is distributed between the different functions. The space effec-
tiveness can be expressed in terms of people/m2 or, consequently,
of energy use per person. Variations from expected functional-
ity and/or space effectiveness are important and should be taken
into consideration before comparing the expected performance
with the monitored one. For example, higher/lower people density
causes different energy demand.

The reference climate and the comfort standards used in
ings: A consistent definition framework, Energy Buildings (2012),

design also need to be specified. Variations from expected out-
door climate and/or indoor comfort conditions are important and
should be taken into consideration before comparing the expected
performance with the monitored one. For example, hotter/colder

dx.doi.org/10.1016/j.enbuild.2012.01.032
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ears or different temperature settings cause different energy
emand.

2 Weighting system

The weighting system converts the physical units of different
nergy carriers into a uniform metrics, hence allowing the evalua-
ion of the entire energy chain, including the properties of natural
nergy sources, conversion processes, transmission and distribu-
ion grids. Choosing a common balance metrics also allows taking
nto account the so-called fuel switching effect, e.g. when export of
V electricity during summer compensates for imported biomass
r fossil fuels in winter.

2.1 Metrics
In [5] four types of metrics are considered: site energy, source

nergy, energy cost, and carbon emissions related to energy
se. Advantages and disadvantages of each choice are discussed
nd it is shown how the choice would affect the required PV
nstalled capacity. Other possible metrics are the non-renewable
art of primary energy, exergy [6], environmental credits and
olitically/strategically decided factors. The choice of the met-
ics, especially with political factors, will affect the relative value
f energy carriers, hence favouring the choice of certain carriers
ver others and influencing the required (electricity) genera-
ion capacity. For an analysis of the details and the implications
or design of each choice reference is made to the mentioned
iterature [5–13].

Quantification of proper conversion factors is not an easy task,
specially for electricity and thermal networks as it depends on
everal considerations, e.g. the mix  of energy sources within cer-
ain geographical boundaries (international, national, regional or
ocal), average or marginal production, present or expected future
alues and so on. A sample of conversion factors for primary energy
nd carbon equivalent emissions as applied in current building
esign practise is shown in Appendix A: conversion factors. There
re no correct conversion factors in absolute terms. Rather, differ-
nt conversion factors are possible, depending on the scope and
he assumptions of the analysis. This leads to the fact that ‘politi-
ally corrected’ weighting factors may  be adopted in order to find

 compromise agreement.
Furthermore, ‘political factors’ (or ‘strategic factors’) may  be

sed in order to include considerations not directly connected with
he conversion of primary sources into energy carriers. Political fac-
ors can be used to promote or discourage the adoption of certain
echnologies and energy carriers. For example biomass and biofu-
ls, in case of carbon emissions as the metrics, would have a very
ow conversion factor making it an attractive solution. However,
vailability of biomass is not infinite and it needs to be used also
or other non-energy purposes such as food production. Hence,
ven in regions of abundant local availability it may  be desirable
o ‘politically’ increase the conversion factor in order to reduce
he attractiveness of biomass and favour other solutions, e.g. solar
ystems.

2.2 Symmetry
Each two-way energy carrier (e.g. electricity) can be weighted

ymmetrically, using the same weighting factors for both deliv-
red and exported quantities, or asymmetrically, using different
actors.

The rationale behind symmetric weighting is that the energy
xported to the grids will avoid an equivalent generation some-
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

here else in the grid. Hence the exported energy has a substitution
alue, which is equal to the average weighting factor for that grid.
his is a valid approach as long as the energy generated on-site
oes not have any negative effect on the balance or if that effect is
 PRESS
dings xxx (2012) xxx–xxx 5

accounted for somewhere else. First example: with on-site cogen-
eration the negative effect is the increase of purchased fuel because
of the reduced thermal efficiency. The delivered energy entering the
physical boundary is increased, therefore accounting for the nega-
tive effect and the exported electricity can be fully credited for its
substitution value. Second example: with on-site PV generation the
negative effect is the increase in embodied energy. If the balance
boundary does include embodied energy of the PV system, then
the total demand to be balanced off is increased, accounting for the
negative effect and the exported electricity can be fully credited for
its substitution value.

Asymmetric weighting may  be used to account for the negative
effect of on-site generation if that is not accounted for somewhere
else in the balance. For example, in the above case with PV system,
if embodied energy is not part of the boundary balance then each
kWh  of exported electricity should not be fully credited because it
did cost something – in energetic terms – to produce it. Rather than
omitting this aspect, it is possible to associate a negative value to
the kWh  generated (in terms of the adopted metrics, such as pri-
mary energy or emissions) and credit the exported kWh  net of it, i.e.
the substitution value minus the negative effect value. This way it is
possible to give different weighting factors to different generation
technologies generating the same carrier, e.g. PV and cogeneration
in the same building, hence valuing their different properties, pos-
sibly in combination with political factors as discussed in criterion
§2.1: Weighting system – Metrics. The drawback is that each sys-
tem should then be equipped with a separate meter, at least in
theory. Similarly, also delivered energy may  have different weight-
ing factors for the same carrier, as for example in the case of a
portion of purchased electricity being covered by green certificates.

However, the main rationale behind asymmetric weighting is
that energy demand and supply do not have the same value,
hence delivered and exported energy should be weighted dif-
ferently in order to reflect this principle. Two situations are
possible:

(a) Delivered energy is weighted higher:
This takes into account the cost and losses on the grids

side associated with transportation and storage of exported
energy (and in case of electricity also possible earthing of
feed-in power) as in the German tariff system since 2009, see
[21]. This option may  serve the purpose of reducing exchange
with the grids–hence promoting self-consumption of on-site
generation–in a scenario of wide diffusion of energy consuming
and producing buildings;

(b) Exported energy is weighted higher:
This option may  serve the purpose of promoting technology

diffusion in a scenario of early technology adoption, e.g. the
early PV feed-in tariffs adopted in Germany, Italy, Spain and
other countries, where feed-in electricity is paid two to three
times higher than what delivered electricity is charged for (here
the asymmetric metrics is the energy cost).

§2.3 Time dependent accounting
Due to the complexity of the energy infrastructure, it is often

feasible to estimate the weighting factors only as average values for
a period of time. This is a static accounting, and it typically applies
to primary energy and carbon emission factors. For an overview of
static (and symmetric) conversion factors used in several countries
see Appendix A: conversion factors.

Weighting factors will vary over time and space. Electricity,
ings: A consistent definition framework, Energy Buildings (2012),

for example, may  be evaluated for large regions while district
heating/cooling or biomass may  be evaluated at local scale, accord-
ing to the actual availability of resources in the area. In any case
the evaluation of weighting factors should be updated at regular

dx.doi.org/10.1016/j.enbuild.2012.01.032
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nomenclature.
The three balances are coherent with each other2 but differ by

the amount of on-site energy generation which is self-consumed,
ARTICLENB-3583; No. of Pages 13
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ntervals to reflect the development of the grids. To this respect it
s possible to consider different scenarios on the possible evolution
f weighting factors, as for example in [22] where the European
lectricity grid is analyzed towards 2050. In the evaluation of
lectricity and district heating/cooling weighting factors it is also
mportant to distinguish between average and marginal production
nd specify which choice is made.

It is also possible to evaluate weighting factors on hourly basis,
herefore leading to a dynamic accounting. As an intermediate
ption a quasi-static accounting would have seasonal/monthly
verage values and/or daily bands for base/peak load. For energy
rices it is already quite common to have seasonal or hourly fluc-
uating prices, while for other metrics such as primary energy and
arbon emissions this is not the standard praxis today but it may
ecome more common in future. Examples of this are given by the
ourly energy emission factors for electricity generation in the US
23] and the power demand tracking in real time of the power grid
n Spain [24].

Dynamic and quasi-static accounting would help, at least in
heory, the design of buildings that optimize their interaction
ith the grids. The Time-Dependent Valuation of saving [25] is

uch an example. However, including dynamic accounting in the
et ZEB balance would considerably increase the complexity of
alculations and the assumptions on future time dependent pat-
erns. It is rather preferable, in the authors’ opinion, to calculate
he Net ZEB balance with static or quasi-static values and then
se, in addition, dynamic values to address the temporal energy
atch characteristics, see criterion §4: Temporal energy match

haracteristics.

3 Net ZEB Balance

The balance of Eq. (1) may  be calculated in different ways,
epending for example on the quantities that are of interest or
vailable and the period over which to calculate the balance. Fur-
hermore, policy makers must decide whether or not to enforce

inimum energy efficiency requirements and/or a hierarchy of
enewable energy supply options.

3.1 Balancing period
A proper time span for calculating the balance is assumed, often

mplicitly, to be a year. An yearly balance is suitable to cover all
he operation settings with respect to the meteorological condi-
ions, succession of the seasons in particular. Selection of shorter
ime spans, such as seasonal or monthly balance, could be highly
emanding from the design point of view, in terms of energy effi-
iency measures and supply systems, in order to reach the target
n critical time, such as winter time. On the other hand, a much

ider time span, on the order of decades, could be selected to
ssess the balance along the entire building’s life cycle includ-
ng embodied energy. Nevertheless, as noted in criterion §1.2:
uilding system boundary – Balance boundary, embodied energy
an be annualized and counted in addition to operational energy
ses. It is therefore held that the balance is calculated on a yearly
asis.

3.2 Type of balance
The core principle for Net ZEBs is the balance between weighted
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

emand and weighted supply, generically described in Eq. (1).
elivered and exported energy quantities can be used to calculate

he balance when monitoring a building. Alternatively, estimates
f delivered and exported energy may  be available in design phase,
epending on the ability to estimate self-consumption of energy
 PRESS
dings xxx (2012) xxx–xxx

carriers generated on-site. In these cases an import/export balance
is calculated as in Eq. (2)1:
∑

i

ei × we,i −
∑

i

di × wd,i = E − D ≥ 0 (2)

where e and d stands for exported and delivered, respectively; w
stands for weighting factor and i for energy carrier. E and D stands
for weighted exported and delivered energy, respectively; see also
Table 1 on nomenclature.

However, most building codes do not require design calculations
to estimate self-consumption, consequently lacking the estima-
tions of delivered and exported amounts [10]. Such approaches
perform like generation and load systems did not interact, basically
because missing normative data on end users temporal consump-
tion patterns (e.g. for lighting, electrical appliances, cooking, hot
water use). Thereby, in most common cases only generation and
load values are available and a load/generation balance is calculated
as in Eq. (3):
∑

i

gi × we,i −
∑

i

li × wd,i = G − L ≥ 0 (3)

where g and l stands for generation and load, respectively; w stands
for weighting factor and i for energy carrier. G and L stands for
weighted generation and load, respectively; see also Table 1 on
nomenclature. It is worth noting that overlooking the interactions
between generation systems and loads as in the generation balance
is equivalent to assume that, per each carrier, the load is entirely
satisfied by delivered energy while the generation is entirely fed
into the grid.

Alternatively, a balance may  be calculated based on monthly
net values. For each energy carrier, generation and load occur-
ring in the same month are assumed to balance each other off;
only the monthly residuals are summed up to form the annual
totals. This can be seen either as a load/generation balance per-
formed on monthly values or, equivalently, as a special case of
import/export balance where a “virtual monthly self-consumption”
pattern is assumed. Such procedure has been proposed in the
framework of the German building energy code, see [12,14], where
it is thought with focus on electricity; the same procedure though
may be applied also to thermal carriers. This approach may be
regarded as monthly net balance, calculated as in Eq. (6),  substituting
Eqs. (4) and (5):

gm,i =
∑

m

max[0,  gi(m) − li(m)] (4)

lm,i =
∑

m

max[0,  li(m)  − gi(m)] (5)

∑
i

gm,i × we,i −
∑

i

lm,i × wd,i = Gm − Lm ≥ 0 (6)

where g and l stands for generation and load, respectively, and
m stands for the month; w stands for weighting factor and i
for energy carrier. Gm and Lm stands for the total weighted
monthly net generation and load, respectively; see also Table 1 on
ings: A consistent definition framework, Energy Buildings (2012),

1 For simplicity, the weighting factors are the same in Eqs. (2), (3) and (6), and
are implicitly assumed as static yearly values, see §2.3: Weighting system - Time
dependent accounting.

2 Applied to the same case would give the same net balance: the three points
lying on a 45◦ line (not necessarily passing through the origin if the net balance is
not  zero).

dx.doi.org/10.1016/j.enbuild.2012.01.032
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Fig. 3. Graphical representation of the three types of balance: import/export balance between weighted exported and delivered energy, load/generation balance between
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eighted generation and load, and monthly net balance between weighted monthly

r ‘virtually’ assumed as self-consumed, as shown in Fig. 3. Graph-
cally, the load/generation balance gives the points for weighted
emand and supply most far away from the origin; while with

mport/export balance and monthly net balance the points get
loser to the origin as a consequence of the self-consumption and
irtual monthly self-consumption, respectively. The import/export
alance is expected to be always in between the two other, due to
he fact that there usually is some amount of self-consumption but
ardly more than the virtual monthly self-consumption, which can
e regarded as an upper limit as long as seasonal energy storage is
ot considered.

It is worth noting that self-consumption of energy generated
n-site can be seen as either an efficiency measure or as a sup-
ly measure depending on the type of balance adopted. In case
f load/generation balance self-consumption is seen as part of
he overall generation and is visualized in the graph as mov-
ng the weighted supply point up along the y-axis. However,
n case of import/export balance self-consumption is seen as a
eduction of the load, visualized in the balance graph by mov-
ng the weighted demand point closer to the origin, along the
-axis3. This is consistent with the implicit viewpoint of the two
alances. In the load/generation balance the building is seen inde-
endently, so that energy generated, whether self-consumed or
ot, does not affect the efficiency of the building as such. In the

mport/export balance the building is seen in connection with the
rids, so that self-consumption does reduce the amount of energy
xchanged, in this sense improving the efficiency of the system
uilding-grids.

Each type of balance has pros and cons. The import/export bal-
nce gives the most complete information, showing the interaction
ith the grids but it is the most difficult to obtain in design phase

ecause it requires estimates of self-consumption patterns and
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

etailed simulation (preferably with hourly or sub-hourly resolu-
ion). The load/generation balance is the most suit to be seamlessly
ntegrated in existing building codes that are only oriented at

3 Also valid for monthly net generation balance and virtual monthly self-
onsumption.
alues of generation and load.

calculating the loads. In facts, it is only necessary to add one step:
calculation of the generation. The drawback is that it completely
overlooks the interaction with the grids. The monthly net balance
has the advantage of being simple to implement while not com-
pletely overlooking the interaction with the grids. On one hand it
only needs monthly values of generation and load and does not
require either detailed simulations or self-consumption estimates.
On the other hand while the virtual monthly self-consumption is
a coarse approximation, it still provides some information on the
seasonal interaction with the grids. The higher the monthly net
generation (or load), the higher the seasonal unbalance of energy
exchanged with the grids.

§3.3 Energy efficiency
A Net ZEB definition may  set mandatory minimum requirements

on energy efficiency. Such requirements may  be either prescriptive
or performance requirements, or a combination of the two. Pre-
scriptive requirements apply to properties of envelope components
(e.g. U-values of walls and windows, air-tightness in pressuriza-
tion test) and of HVAC systems (e.g. specific fan power, COP of
heat pumps), while performance requirements apply to energy
needs (e.g. for heating, cooling, lighting) or total (weighted) primary
energy demand. See [26] for an overview of prescriptive and per-
formance based energy efficiency requirements adopted in existing
national or commercial certification systems.

Mandatory requirements on energy efficiency may be deter-
mined on the basis of cost-optimality considerations as in the plans
of the EPBD [1];  such methodology is still under development for
the time being, see [27–29].  Alternatively, mandatory efficiency tar-
gets could simply require a demand reduction (e.g. 50%) compared
to a reference building of the same category (e.g. detached house,
office, school).

In absence of explicit requirements on energy efficiency it is
left to the designers to find the cost-optimal balance between
energy efficiency measures and supply options, eventually consid-
ings: A consistent definition framework, Energy Buildings (2012),

ering embodied energy too, if in the balance boundary. However,
the analysis of a large number of already existing Net ZEBs
underlines the priority of energy efficiency as the path to
success [15].

dx.doi.org/10.1016/j.enbuild.2012.01.032
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where g and l stands for generation and load, respectively; i stands
for energy carrier and t is the time interval used, e.g. hour, day or
month. N stands for the number of data samples, i.e. 12 for monthly
ARTICLENB-3583; No. of Pages 13
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Restrictions on the use of some energy carriers, such as
il, can be a direct requirement of a Net ZEB definition or a
onsequence of the assigned weighting factor, e.g. assigning a
politically’ or ‘strategically’ high value to oil would reduce its
ttractiveness.

3.4 Energy supply
A Net ZEB definition may  set mandatory requirements on energy

upply. A straightforward requirement is proposed in [30] by set-
ing a threshold for the minimum share of renewable energy that
as to be used for covering the building’s energy demand.

Alternatively, energy supply options may  be categorized in dif-
erent ways and a Net ZEB definition may  set a mandatory hierarchy
f renewable energy supply options. This prioritization is meant
o add an additional dimension to the energy balance itself. Typ-
cally, distinction is made at least between ‘on-site’ and ‘off-site’;
ee [5,10,18,19]. For using a hierarchy of options a clear and unam-
iguous definition of what is on-site and off-site (and any further
istinction) has to be stated in criterion §1: Building system bound-
ry – Physical boundary.

In [5] the renewable energy supply options are prioritized on
he basis of three principles: (1) emissions-free and reduced trans-
ortation, transmission, and conversion losses; (2) availability over
he lifetime of the building; (3) highly scalable, widely available,
nd have high replication potential for future Net ZEBs. These prin-
iples lead to a hierarchy of supply options where resources within
he building footprint or on-site (e.g. PV and CHP) are given priority
ver off-site supply options, (e.g. import of biofuel for cogenera-
ion or purchase of green electricity). Reasons for supporting such

 hierarchy are extensively discussed in the report. In [10] a similar
ategorization of supply options is given according to their dis-
ance from the building, even though no hierarchy of preferences
s expressed. However, it is worth mentioning that the mean-
ng of off-site varies depending on whether the focus is on the
rigin of the fuel [5] or on the location of the actual generation
ystem [10].

Another example of classification and hierarchy is given by the
Zero Carbon Home” policy under development in the UK (only for
ew residential buildings), see [18,19].  In the Zero Carbon Home
pproach offsetting carbon emissions is achieved in two steps,
amed: “carbon compliance” and “allowable solutions”. Carbon
ompliance is a mix  of mandatory energy efficiency measures and

 selection of on-site options (e.g. PV and connection to thermal
rids) to be implemented as first priority. Allowable solutions is a
et of further supply options, including extended on-site options,
ear-site and off-site options; where the meaning of such words is
gain different than in [5,10].

One of the more contentious topics is likely be how to account
or ‘soft’ renewable generation options (‘soft’ as opposed to
hard’ = physical generation of energy carriers). For example, the
llowable solutions in the Zero Carbon Home definition in the
K include investment (through a national investment fund) in

ow- and zero-carbon energy projects off-site. These include invest-
ents in the local energy infrastructure and financing energy

fficient renovation of buildings in the area.
Another area that requires further thought by policy mak-

rs, if renewable energy supply is to be prioritized, is defining
supply-side’ renewable generation separately from ‘demand-side’
eneration. As defined in [5],  supply-side renewable energy can
e commoditized, exported, and sold like electricity or hot water
or district systems, while demand-side renewable are only avail-
ble in connection with reducing building energy demand on-site.
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

xamples of demand-side generation include CHP systems, ground
ource heat pumps, and passive solar systems.

Restrictions on the use of some supply option, such crediting
f electricity from gas fired CHP, can be a direct requirement of
 PRESS
dings xxx (2012) xxx–xxx

a  Net ZEB definition or a consequence of the assigned weighting
factor. For example, assigning a ‘politically’ or ‘strategically’ low
value to electricity generated by gas fired CHP would reduce the
attractiveness of such a choice4. However, it should be considered
that in areas with poor performance of the grid (high share of fossil
fuels and high carbon emission in the generation mix) it may be
reasonable to allow solutions that make a very efficient use of nat-
ural gas, such as gas fired CHP, especially if the gas grid is already
in place.

§4 Temporal energy match characteristics

Beside an annual energy or emission balance Net ZEBs are char-
acterized by their different ability to match the load and to work
beneficially with respect to the needs of the local grid infrastruc-
ture. Suitable indicators can be used to express characteristics of a
Net ZEB such as the temporal match between a building’s load and
its energy generation, load matching, and the temporal match of
import/export of energy with respect to the grid needs, grid inter-
action [31,32]. Such indicators are useful to show differences and
similarities between alternative design solutions. The indicators are
intended as assessment tools only: there is no inherent positive or
negative value associated with them, e.g. increasing the load match
may  or may  not be appropriate depending on the circumstances on
the grid side.

Load matching and grid interaction calculation have to be per-
formed for each energy carrier separately. The calculation of such
indicators needs energy data in a time resolution of months for
studying the seasonal effects, and hourly or sub-hourly resolution
for studying peak load effects. Target groups for this form of Net
ZEB characterization are the building owners and designers, com-
munity and urban planners as well as the local grid operators in the
context of “smart buildings” and “smart grids”.

§4.1 Load matching
The temporal match between load and generation for an energy

carrier gives a first insight on a building’s ability to work in syn-
ergy with the grid. When there is a poor correlation between load
and generation, e.g. load mainly in winter and generation mainly
in summer, the building will more heavily rely on the grid. If load
and generation are more correlated, the building will most likely
have higher chances for fine tuning self-consumption, storage and
export of energy in response to signals from the grid, see criterion
§4.2: Grid interaction. Load matching can be addressed in design by
separate calculations or simulations on load and generation, with-
out need to know or estimate self-consumption. For this reason
indicators of load matching fit well for being used in combination
with a load/generation balance, see criterion §3.2: Net ZEB balance
– Type of balance.

Suitable indicators for load matching are proposed under dif-
ferent wordings and summarized with a review in [32]. The most
common wording for solar systems applied to buildings is the
so-called “solar fraction”. Generalizing the term to any form of
generation leads to the load match index [31] in the form of Eq.
(7):

fload,i = 1
N

×
∑
year

min
[

1,
gi(t)
li(t)

]
(7)
ings: A consistent definition framework, Energy Buildings (2012),

4 This means adopting an asymmetric weighting system, see §2.2: Weighting
system - Symmetry.

dx.doi.org/10.1016/j.enbuild.2012.01.032
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Table  2
Effect of time resolution on the indicator values, data from [31].

Indicator Time resolution

Monthly (%) Daily (%) Hourly (%)
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Load match index 79 76 36
Grid interaction index 43 35 25

ime interval and 8760 for hourly time interval, respectively. See
lso Table 1 on nomenclature.

Load match calculation is sensitive to the time resolution con-
idered, as investigated in [31] for three existing buildings in
ortugal, USA and Germany respectively, and in [33] by simula-
ions for dwellings in high latitude climates. In that study, based on
0 min  data resolution not more than 28% of the annual load can
e matched although the annual yield fully balances the annual
emand. Analyzing the load match at the monthly level, instead,
ives a matching of 67%. Also the load considered, naturally, affects
oad match calculations. Simulations of a Belgian dwelling [34]
eport that considering 1 min  data resolution 42% of the household
lectrical demand was instantaneously matched, while the frac-
ion decreases to 29% when including the demand for space heating
nd DHW via heat pump. The reason is that the (electrically driven)
eat pump increases the electric load in times with low solar power
vailability.

When calculated on monthly values the load match index pro-
ides basically the same kind of information as the monthly net
alance, see criterion §3.2: Net ZEB balance – Type of balance. In
his case though, the higher the load match index, the lower the
easonal unbalance of energy exchanged with the grid. The load
atch index is, however, a finer indicator than the monthly net

alance because it looks at one energy carrier at a time and is not
istorted by the weighting.

4.2 Grid interaction
To assess the exchange of energy between a Net ZEB and a grid

ersus the grid’s needs one must know at least the import/export
rofile from the building. The other half information must come
rom the grid’s side, e.g. in terms of base/peak load, hourly price or
arbon emission factor; but this is beyond the scope of this paper.

The grid interaction can be addressed based on metering or
imulation data of delivered and exported quantities. Therefore,
ndicators of grid interaction fit well for being used in combi-
ation with an import/export balance, see criterion 0-Net ZEB
alance-Type of balance. Such data have to consider the entire load,

ncluding user related loads such as plug loads even if excluded
rom the balance boundary, as the grid stress can only be addressed
y a full balance approach, see criterion §1.2: Building system
oundary – Balance boundary.

Several indicators have been proposed to analyze the interac-
ion between buildings and grids, with a viewpoint from either the
uilding or the grid perspective [32]. As an example, an index from
he viewpoint of the building is considered here: the grid interac-
ion index [31]. The grid interaction index represents the variability
standard deviation) of the energy flow (net export) within a year,
ormalized on the highest absolute value. The net export from the
uilding is defined as the difference between exported and deliv-
red energy within a given time interval. The grid interaction index
s calculated as in Eq. (8):

grid,i = STD
[

ei(t) − di(t)
| max[ei(t) − di(t)]|

]
(8)
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

here e and d stands for exported and delivered, respectively; i
tands for energy carrier and t is the time interval used, e.g. hour,
ay or month. See also Table 1 on nomenclature. As for load match-

ng, also the grid interaction index is sensitive to the time resolution
 PRESS
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considered. Table 2 shows the load match and the grid interac-
tion index calculated for three different time resolutions based on
a small all-electric solar home designed for the Solar Decathlon
Europe competition in 2010, data presented in [31].

An important characteristic from the viewpoint of the grids
is the grid interaction flexibility [32] of a Net ZEB, understood as
the ability to respond to signals from the grid (smart grids), e.g.
price signals, and consequently adjust load (DSM), generation (e.g.
CHP) and storage control strategies in order to serve the grid
needs together with the building needs, and/or adjust to favourable
market prices for energy exports or imports. Therefore, to be
meaningful the grid interaction flexibility has to be evaluated with
a time resolution of an hour or preferably even lower.

What is actually in the hands of designers is to design the build-
ing and its energy systems to enhance grid interaction flexibility.
The flexibility could be quantified using suitable indicator(s) evalu-
ated in two opposite extreme situations. An extreme situation is an
export priority strategy (maximum energy export): the generation
system export energy to the grids regardless of the building’s load
or storage possibilities. The opposite extreme situation is a load
matching priority strategy (maximum load match): control strate-
gies for storage system, load shifting and generation modulation,
where possible, provide maximized self-consumption of the gen-
erated energy. The difference between the two  values tells how
flexible a building is in terms of grid interaction. One  important
design strategy may  be to enhance the grid interaction flexibility:
the higher the flexibility, the better the building will be able to
adapt to signals from the grid.

It is worth noting that for building designer to design Net ZEBs
with high grid interaction flexibility, it is necessary to have data
on end users temporal consumption patterns, e.g. for lighting,
electrical appliances, cooking, hot water use. Such data should be
statistically representative for the type of building in analysis (i.e.
residential, office, school, etc.) or better such data should be even
normative. In the same way as weather data are standardized to
provide designers with a reference climate, user profile data may  be
standardized to offer designers a reference temporal consumption
pattern (with hourly and seasonal variations) for each type of build-
ing. Furthermore, evaluation of different strategies for the control of
load, generation and storage need the support of advanced dynamic
simulations tools.

§5 Measurement and verification

The establishment of building performance targets at policy
level necessarily leads to the development of energy rating sys-
tems, i.e. methodologies for the evaluation of the building energy
performance. Ratings can be calculated ratings when based on
calculations, or measured (or operational) ratings when based
on actual metering [35]. Within this perspective, it is questioned
whether the Net ZEB target should be a calculated or a measured
rating. A measured rating would enable the verification of claimed
Net ZEBs, the effectiveness and robustness of the design solutions
applied, and at last the actual achievement of the energy policy
targets.

To check that a building is in compliance with the Net ZEB defini-
tion applied, a proper measurement and verification (M&V) process
is required [36]. Such process is strictly dependent on the options
selected for each criteria of the definition and on the features of
the building to be assessed. As a minimum, an M&V protocol for
Net ZEBs should enable the assessment of the import/export bal-
ance, as this is the core of the Net ZEB concept. Eventually, an M&V
ings: A consistent definition framework, Energy Buildings (2012),

process could aim at evaluating also the temporal match charac-
teristics, such as the load match or grid interaction indices. This
requires setting the time resolution and selecting the duration of
measurements, sampling and recording time.

dx.doi.org/10.1016/j.enbuild.2012.01.032
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As comfort is a mandatory requirement in buildings, an M&V
rotocol should also check the indoor environmental quality (IEQ).
he complexity can then increase significantly due to the large
umber of sensors likely required in several locations within a
uilding. Nevertheless, to warrantee indoor comfort is always the
rst priority in building design and the risk of designing Net ZEBs
ith poor IEQ shall be avoided; IEQ measurements would help

o this respect. Furthermore it would help explaining possible
eviations from the expected energy performance – in relation to
he expected operating conditions criterion §1.3: Building system
oundary – Boundary conditions – and point out relevant optimiza-
ion measures.

Clearly, the completeness and complexity of a Net ZEB def-
nition is reflected in the M&V  process in terms of feasibility
nd affordability. It is worth noting that only the energy uses
ncluded in the balance boundary, see criterion §1.2: Building sys-
em boundary – Balance boundary, contribute to define the Net
EB balance. As a consequence, the exclusion of an energy use
rom the balance boundary, e.g. the electricity use for plug-loads,
ould require the installations of a separate meter–or possibly

everal–in addition those located at the interface with the grids
on the physical boundaries). This means moving from a whole
uilding monitoring approach to sub-metering [37–39],  increas-

ng the complexity of the monitoring system and jeopardizing the
erifiability of the definition. For an easily verifiable definition,
ence, it would be preferable to have all the energy carriers cross-

ng the physical boundary included in the balance boundary as
ell.

Furthermore, in order to implement a measured rating for Net
EBs it is necessary to specify the required validity over time and
ver variable boundary conditions. How long a claimed Net ZEB
hall comply with the definition? What happens if in the selected
ime span, changes in boundary conditions occur, such as variation
n the climate, occupancy, building uses? It is therefore necessary
o define:

The time span over which the measured rating shall satisfy the
Net ZEB balance;
Tolerances on the balance and required comfort conditions;
Parametric analysis approaches to show the relationship between
the balance and influencing variables, such as comfort, climate,
building use, occupancy, user behavior.

. Conclusions

While the concept of zero energy buildings is generally under-
tood, an internationally agreed definition is still lacking. It is
ecognized that different definitions are possible, in order to be
onsistent with the purposes and political targets that lay behind
he promotion of Net ZEBs. A framework for describing the relevant
haracteristics of Net ZEBs in a series of five criteria and relative sub-
riteria has been presented. For each criterion different options are
vailable on how to deal with that specific characteristic. Evalua-
ion of the criteria and selection of the related options becomes

 methodology for elaborating Net ZEB definitions in a system-
tic, comprehensive and consistent way. This can create the basis
or legislations and action plans to effectively achieve the political
argets.

The common denominator for the different possible Net ZEB
efinitions in the presented framework is the balance between
eighted demand and supply. The balance may  be calculated in
Please cite this article in press as: I. Sartori, et al., Net zero energy build
doi:10.1016/j.enbuild.2012.01.032

ifferent ways, depending on the quantities that are of inter-
st and available. An import/export balance focuses on the energy
ows exchanged between the building and the grids; it applies

n monitoring or in design when estimates of self-consumption
 PRESS
dings xxx (2012) xxx–xxx

are available. A simpler load/generation balance focuses on the
gross load and generation quantities disregarding their interplay;
it applies in design when estimates of self-consumption are not
available. A third type of balance is the monthly net balance that can
be seen as a combination of the other two; monthly generation and
load (for each energy carrier) are assumed to balance each other off
and only the monthly residuals are summed up to form the annual
totals.

The choice of a proper balance metrics and weighting system
should depend on targets in the political agenda and not being
driven solely by feasibility of Net ZEB projects or minimization
of investment cost; even though this may  be a major target itself.
However, it is important that authorities and competent national
bodies and legislators are fully aware of the effect of the weighting
factors when deciding upon the metrics to adopt for the Net ZEB
definition they want to set in place.

Important aspects in the framework are the criteria on
energy efficiency and energy supply. While the pathway to a
Net ZEB is given by the balance of the two actions–energy
efficiency and energy supply–experience from a large number
of already existing Net ZEBs underlines the priority of energy
efficiency as the path to success [15]. Minimum energy effi-
ciency requirements may  be enforced in a Net ZEB definition.
Likewise, a hierarchy of energy supply options may  also be
enforced.

Net ZEBs are characterized by more than the mere weighted
balance over a period of time. In this paper the authors pro-
pose a characterization based on two aspects of temporal energy
match: load matching, the ability to match the building’s own
load, and grid interaction,  the ability to work beneficially with
respect to the needs of the local grid infrastructure. These aspects
are evaluated separately per each energy carrier exchanged with
the grids, no weighting is applied. For the load matching an
indicator is proposed, the load match index, able to express
the seasonal unbalance of energy exchanged with a grid. For
the grid interaction the concept of grid interaction flexibility is
introduced, which may  be estimated in design phase by sim-
ulating different strategies for the control of load, generation
and storage systems. The indicators presented address the top-
ics but need to be further developed. However, there is a need
to work with a time resolution of hours or even lower in order
to address issues such as energy price fluctuation and grids’
peak load. To this respect building designers need information
on end users temporal consumption patterns, better if from nor-
mative data, and the support of advanced dynamic simulations
tools.

Finally, it is argued that only a measured rating would enable the
verification of claimed Net ZEBs, the effectiveness and robustness
of the design solutions applied, and at last the actual achieve-
ment of the energy policy targets. Therefore, a measurement and
verification (M&V) process is required and its completeness and
complexity will dependent on the options selected for the defi-
nition criteria. It is stressed that for an easily verifiable Net ZEB
definition it is preferable to include all operational energy uses in
the balance boundary. Specification of other boundary conditions,
such as reference climate, comfort, functionality and space effec-
tiveness, are also necessary in order assess possible deviations from
the calculated to the measured balance.
ings: A consistent definition framework, Energy Buildings (2012),

The work presented in this paper has been largely developed in
the context of the joint IEA SHC Task40/ECBCS Annex52: Towards
Net Zero Energy Solar Buildings.

dx.doi.org/10.1016/j.enbuild.2012.01.032
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Appendix A. Conversion factors

Europe Austria Denmark Finland Germany Italy Norway Spain Sweden Switzerland

Energy carrier Metrics EN 15603 PHPP Gemis BR 2010 BC 2012 Gemis DIN V 18599/1 GEMIS UNI-TS-11300/4 NS 3700 ZEB centre* I.D.A.E. CALENER average* pol. factors SIA 2031 EnDK
2008  2007 Vers. 4.5 2010 2011 2011 2007 Vers. 4.5 draft 9/2009 2009 2010-2060 2010 2009 2008 2008 2009 2009

Electricity PEI, n.r. 3,14* 2.70 1,3* 1.70 2.60 2.61 2.18* 2.53 2.00
PEI,  total 3,31* 1.91 2,50* 1.70 3.00 2.96 2.28 2.60 1.50 2.50 2.97
CO2 equiv. 617,00* 680.00 389.00 329.62 331.00 633.00 531** 395 132 350* 649 154.00

Natural  gas PEI, n.r. 1.36 1.10 1.12 1.00 1.10 1.12 1.00 1.10 1.00
PEI,  total 1.36 1.12 1.00 1.00 1.10 1.12 1.07 1.10 1.15
CO2 equiv.. 277.00 250.00 268.00 202* 315.00 244.00 211 251* 204.00 241.00 -

Oil  PEI, n.r. 1.35 1.10 1.11 1.00 1.10 1.11 1.00 1.15 1.00
PEI,  total 1.35 1.13 1.00 1.00 1.10 1.11 1.12 1.08 1.20 1.20 1.24
CO2 equiv.. 330.00 310.00 302.00 279* 381.00 302.00 284 342* 287.00 295.00

Wood,  pieces PEI, n.r. 0,09** 0.20 0.01 0.50 0.20 0.01 0.00 0.05 0.70
PEI,  total 1,09** 1.01 1.00 0.50 1.20 1.01 1.25 1.20 1.20 1.06
CO2 equiv.. 14** 50.00 6.00 32.40 17.00 6.00 14 0.00 0.00 11.00

Wood,  pellets PEI, n.r. 0.14 0.50 0.20 0.14 0.00 0.30 0.70
PEI,  total 1.16 1.00 0.50 1.20 1.16 0.00 1.20 1.20 1.22
CO2 equiv.. 41.00 19.00 41.00 14 36.00

Disctrict  heat PEI, n.r. 0.80 0.76 0.70 0.76 System specific 0,81* 0.60
70%  CHP PEI, total 0.77 1,00* 0.70 0.70 0.77 0.90 1.00 0,8*
(fossil) CO2 equiv.. 240.00 219.00 230.00 219.00 231 162*

PEI: primary energy indicator (kWhprimary/kWhdelivered); n.r.: non renewable part (kWhprimary/kWhdelivered); CO2 equiv.: equivalent CO2 emissions (g/kWhdelivered). * See comments for each country.

Country Comments Sources

Europe *Power according to UCTE mix
**Wood in general

EN 15603 [17] Energy Performance of Buildings – Overall energy use
and definition of energy rationgs – Annex E Factors and coefficients,
CEN.
PHPP (2007) Passive House Planning Package, The Passive House
Institute,  Darmstadt, DE.

Austria  *According to the Austrian Environment Agency Database of GEMIS, Global Emission Model for Integrated Systems,
Internet page of the program: http://www.oeko.de/service/gemis/en/

Denmark *2015 requirements use 0,8; 2020 requirements use 0,6 for district
heating and 1,8 for electricity

The Danish Building Code 2010, BR 2010

Finland *Based on Motiva report, 2004 National Building Code of Finland. Part D3 Energy-Efficiency. Ministry
of  Environment 2011
Database of GEMIS, Global Emission Model for Integrated Systems,
Internet page of the program: http://www.oeko.de/service/gemis/en/
Motiva report, 2004, emission factors and calculation of emission
factors. Available at:
http://www.motiva.fi/files/209/Laskentaohje CO2 kohde 040622.pdf
Motiva report, 2004, emission factors and calculation of emission
factors. Available at:
http://www.motiva.fi/files/209/Laskentaohje CO2 kohde 040622.pdf

Germany The normative primary energy factors for the national building code
are given with DIN V 18599, emission date are not listet; if emission
data are applied the most common source is GEMIS

DIN V 18599:2007-02, part 10, Beuth-Verlag, Berlin, 2009
Database of GEMIS, Global Emission Model for Integrated Systems,
Internet page of the program: http://www.oeko.de/service/gemis/en/

Italy  *EEN3/08 resolution by AEEG - GU n. 100, 29.4.08 - SO n.107 -
www.http://www.autorita.energia.it/it/docs/08/003-08een.htm
www.minambiente.it/home it/menu.html?mp=/menu/menu attivita/
&m=argomenti.html|Fonti rinnovabili.html|Fotovoltaico.html|Costi
Vantaggi e Mercato.html

UNI-TS 11300 Part IV,under review (last draft 2009)-LA NORMATIVA
TECNICA DI RIFERIMENTO SUL RISPARMIO ENERGETICO E LA
CERTIFICAZIONE ENERGETICA DEGLI EDIFICI

dx.doi.org/10.1016/j.enbuild.2012.01.032
http://www.oeko.de/service/gemis/en/
http://www.oeko.de/service/gemis/en/
http://www.motiva.fi/files/209/Laskentaohje_CO2_kohde_040622.pdf
http://www.motiva.fi/files/209/Laskentaohje_CO2_kohde_040622.pdf
http://www.oeko.de/service/gemis/en/
http://www.http//www.autorita.energia.it/it/docs/08/003-08een.htm
http://www.minambiente.it/home_it/menu.html%3Fmp=/menu/menu_attivita/%26m=argomenti.html%7CFonti_rinnovabili.html%7CFotovoltaico.html%7CCosti__Vantaggi__e_Mercato.html
http://www.minambiente.it/home_it/menu.html%3Fmp=/menu/menu_attivita/%26m=argomenti.html%7CFonti_rinnovabili.html%7CFotovoltaico.html%7CCosti__Vantaggi__e_Mercato.html
http://www.minambiente.it/home_it/menu.html%3Fmp=/menu/menu_attivita/%26m=argomenti.html%7CFonti_rinnovabili.html%7CFotovoltaico.html%7CCosti__Vantaggi__e_Mercato.html
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