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Abstract—According to experts, the average temperature of
the planet has increased at an unprecedented and alarmingly
high rate over the last fifty (50) years. Carbon emissions have
been found to be a major catalyst for climate change and the
energy sector one of the highest emitters globally. Thus any
significant reduction in energy related emissions would have a
significant impact on global carbon emissions and consequently
global warming. UN-Habitat estimates that approximately 56%
of energy produced in most African nations is consumed in
buildings. There is a need for energy efficiency and possibly
conservation in buildings since they represent the single largest
consumer of energy on the continent. Net Zero Energy Buildings
(NZEBs), a possible solution for reducing the energy footprint
of buildings, represents the evolution of buildings in the near
future. The Zero energy concept has a major impact on the design
and construction of future buildings. This paper focuses on the
review and development of existing Load Match Indicators for
zero energy buildings. Four indicators are provided and discussed
(i.e. self-consumption, self-production, loss of load probability,
and coverage rate indicators). For the purpose of this paper,
Predis-MHI (a platform of G2ELab) was used as a case study.
Data was collected from the platform’s living lab and was
used in the calculation and evaluation of these indicators. The
results indicate the relevance of each indicator in evaluating
the energetic performance of a building and also highlight the
practical difficulties faced in evaluating the platform.

Index Terms—NZEB, Positive Energy Buildings, indicators,
building energy performance

I. INTRODUCTION

Energy consumption in all forms has been directly linked
to climate change, and globally, buildings (both residential
and tertiary) account for a large fraction of energy consumed,
e.g., 40% [1] in Europe and 56% in Africa [2]. In line
with global climate change mitigation policies, improving the
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Fig. 1: Building Energy Performance Definitions
Source: Adapted from: [3]

energy performance of buildings will inadvertently yield a
significant reduction in carbon emissions.

The Net Zero Energy Building (NZEB) concept (Fig. 1)
seeks to deliver buildings which are both energy efficient and
have some degree of independence from fossil based energy.

NZEBs as defined by [4] are high performing, highly
efficient buildings that use, over the course of a year, renewable
technology to produce as much energy as they consume
from purchased commercial energy sources. Typically, the
energy used in a building must reflect the heating and cooling
energy requirements, domestic hot water requirements and
other typical energy use.

Indicators typically present raw data, which may otherwise
be overwhelming, in a simplified manner, allowing users
to quickly and effectively utilize information and in some
instances make decisions. Indicators are categorized based on
the information they provide and typically for a building they
include:

• Technical indicators; which evaluate the energetic perfor-
mance of a building (Load Match Indicators and Grid
Interaction Indicators).

• Usage indicators; which aim to provide information on
energy use and waste in a building.



• Comfort indicators; which provide information on the
general comfort of building occupants.

All the above mentioned categories of indicators are impor-
tant in the evaluation of a building, however, for the purpose
of this paper the focus was on technical indicators, specifically
Load Match Indicators and Grid Interaction Indicators. Section
2 presents a state of the art discussion about indicators and
their impact on occupant behaviour related to building energy
performance. Section 3 presents the indicators considered for
this work. Section 4 presents the source of data used in the
work. Section 5 is focused on the results obtained.

II. STATE OF THE ART

The NZEB concept is not a new concept, especially in
Europe and North America. The European Union as part of
its Energy Performance of Buildings Directive, requires that
all new buildings in member states be Nearly Energy Positive
by 2020 (Europa). In lieu of this, the Centre Scientifique et
Technique du Bâtiment (CSTB) ,the French building regulator,
has since 2012 required that all new buildings meet maximum
energy demand of 50kWhpe/m2/year [5].

Similarly, in the US, the passage of the Energy Indepen-
dence and Security Act of 2007 led to the United States
Department of Energy commissioning projects and studies
with a goal of achieving the knowledge base and technology
for cost effective NZEBs by 2025 [6].

The development of Smart Buildings, has also significantly
impacted the development of NZEB as these two concepts
are in many ways interconnected, Smart Buildings requiring a
higher level of intelligent services added to the core functions
of the building.

Several factors contribute to the way and manner in which
energy is used in a building. The work of DeSilva [7] identifies
5 key factors which influence energy consumption in a build-
ing, these are: climate, building related characteristics (i.e.
floor area, shape, construction materials, etc), occupant be-
havior, building services and systems and the socio economic
and legal characteristics of the area in which the building
is located. Typically, all these factors can, to a large extent
be controlled with the exception of occupants behavior. In
reality, buildings by themselves do not consume energy, it is
however the occupants (people) that consume the energy [8].
Understanding and effectively being able to influence occupant
behavior is key in achieving high energy performance in a
building. Janda [8] however, argues that occupant behavior is
the least understood and often the most overlooked factor in
building energy design. Paone [9] further argues that, both
occupant behavior and preferences are important parameters
which contribute to the gap between predicted energy per-
formance and the actual energy performance of a building.
This crucial parameter, according to Paone [9] is often not
considered in both the design and post-occupancy optimization
phase of a building’s development.

The work of Nguyen [10] shows that by implementing
intelligent lighting solutions, it is possible to achieve 58%
savings on the energy used by conventional lighting solutions.

Similarly Nguyen [10] estimates that potential savings of
between 10% and 40% can be achieved by implementing
occupancy based thermal control in buildings.

User behavior is key for the successful implementation of
NZEBs, as shown by the works of Nilsson et al. [11], which
evaluated the potential impact of continuous feedback on user
behavior conducted in Sweden with forty participants. The
study involved installing displays in apartments to display in
real time the occupants’ consumption. The study concluded
that occupants who had this display installed recorded no
significant energy savings.

A subsequent study carried out in Norway [12], shows
similar results. However, in this study the economic status of
the households involved was taken into account. The results
indicate that more affluent households were already aware of
their energy usage and as such feedback displays were quite
ineffective. In the case of less affluent homes however these
displays yielded positive results.

Lin [13] illustrates the influence of cultural background
on occupant’s response to feedback. In the study conducted
by Lin [13], student dormitories on the campus of Tongji
University (constituted of four six-story buildings) were used
as a test-bed. Energy meters were installed in these buildings
such that the energy consumption for each room in the
buildings could be accounted for. In total thirty-nine (39)
students, made up of ten (10) Chinese students and twenty-
nine (29) international students, participated in the study.
The energy consumption of all rooms in the test-bed was
however monitored and used for the study, the data from
nonparticipating rooms was considered as a control group.
Feedback was provided to the thirty-nine (39) participants
through a web page, consequently a weekly reminder was
sent to the participants over the course of the study which
lasted for 13 weeks. The results of the study indicated a 16.7%
reduction in the consumption of Chinese students, the results
of the international students on the other hand indicated a
23.7% increase in energy consumption. Lin [13] attributes the
fact that international students do not pay for their energy
consumption as a possible cause of the increase in their energy
consumption.

Comparing the works of Lin [13] to those of Westskog [12]
and Nilsson et al. [11] it can be concluded that in presenting
feedback to end users, a lot of factors need to be taken
into account. Key amongst these factors are the cultural and
economic background of the occupants. This paper focuses on
evaluating Load Match Indicators as defined by [14] which
are essential to the development and evaluation of the energy
performance of NZEBs.

From the literature studied, it can be concluded that a lot of
focus and emphasis has been placed on residential buildings.
Tertiary buildings, however, are equally important and hold
a large potential for reducing the energy demand associated
with buildings. Consequently, this paper focuses on evaluating
the energy performance of Predis-MHI, which is housed in a
Tertiary building and has the typical load profile of a tertiary
building.



Fig. 2: Definition of Load Match Indicators and Grid Interac-
tion Indicators

III. INDICATORS FOR EVALUATION OF NET ZERO ENERGY
BUILDINGS

This section presents relevant indicators which are essential
in evaluating the energy performance in NZEBs. This paper
considers three Load Match Indicators and one grid interaction
indicator as proposed by [14]. In order to effectively analyze
the results from evaluating these indicators, four time windows
were considered (day, week, month, and year), The main
goal of the Load Matching Indicators is to show how the
load of the building compares with local energy production.
The Grid Interaction Index considered for this work, provides
information on how the energy system of the building interacts
with the distribution network. The indicators considered for
this paper are listed below:

• Load Match Indicators
– Self-consumption
– Self-production
– Coverage rate

• Grid Interaction Index
– Loss of load probability

A. Self-consumption

This indicator corresponds to the share of on-site renewable
electricity production consumed locally within the building,
Fig. 2, and is expressed mathematically as [15]:

self−consumption =

∫ τ2
τ1

min[g (t)− ζ (t) , l (t) + s (t)]dt∫ τ2
τ1
[g (t)− s (t)− ζ (t)] dt

(1)
where:
• g(t) is the onsite production.
• ζ(t) refers to the energy losses within the system.
• s(t) is the storage energy balance (negative for discharge

and positive for charge).
• l(t) building load (demand).
• τ1 is the start of the evaluation period (first sample)
• τ2 is the end of the evaluation period (last sample)
It yields a value between zero and one, a zero (0) value im-

plies that no part of the on-site generation is used locally whilst
a value of one (1) implies that all the on-site generation is
used locally in the building. For European weather conditions
(typically France) the values of this indicator are the lowest

during summer and highest during winter (for Photovoltaic
(PV) systems).

This phenomenon can be attributed to the high PV yield
coupled with relatively low demand during summer and like-
wise the high rates in winter can be attributed to a low PV
yield coupled with a high energy demand in winter.

B. Self-production

The self-production indicator, Fig. 2, provides information
on the fraction of the buildings demand which is satisfied by
the on-site generation. It is expressed mathematically as [16,
eq.6]:

self − production =

∫ τ2
τ1

min[g (t)− s (t)− ζ (t) , l (t)]dt∫ τ2
τ1
l (t) dt

(2)
It ranges between zero and one, where a value of one

indicates that the whole load is supplied by the on-site
production and a zero value indicates that none of the load
is supplied by the on-site production. This indicator peaks in
summer and is lowest during the winter for typical European
weather conditions.

C. Coverage rate

This indicator provides information about the energy bal-
ance of the building (i.e. the extent to which on site production
meets the energy demand of the building) over a given time
period, Fig. 2. It is expressed as [15]:

coverage rate =

∑
iEpnren,exp,i,an∑
iEpnren,del,i,an

(3)

where:

• Epnren,del,i,an: refers to the quantity of annual energy
delivered by the grid to the building, for the energy carrier
i, weighted by the conversion factor into primary non-
renewable energy (pnren) for energy carrier i.

• Epnren,exp,i,an: refers to the quantity of annual energy
exported to the grid, for the energy carrier i, weighted by
the conversion factor into primary non-renewable energy
(pnren) for energy carrier i.

The Formula proposed in equation 3 above utilizes an ex-
port/import energy balance. It is however, possible to use a
load/ generation energy balance, both energy balances’ would
yield the same status for the building but ultimately the
interpretation of the indicators would change.

The coverage rate indicator has no maximum value, however
a value in excess of one indicates that the building is a positive
energy building (i.e. generation is in excess of the demand),
[15]. A value of one indicates that the building is an NZEB and
a value less than one indicates an energy deficit (i.e. energy
produced over the evaluation period is less than the energy
consumed) .



Fig. 3: Predis-MHI living lab production and consumption
points within the GreEN-ER Building
Source: Adapted from [18]

D. Loss of load probability

This indicator provides information on the dependence of
the building on the grid. It is a probability which indicates the
likelihood that the buildings on-site generation will not be able
to meet the demand and as such will have to import energy
from the grid [17],Fig. 2. It is given as:

LOLP =

∫ τ2
τ1
T dtl(t)>(g(t)−s(t)−ζ(t))

τ2 − τ1
(4)

where:
• T : represents the time for which the load is greater than

the on-site generation.
• τ2−τ1: represents the number of samples in the evaluation

period.
It has a value between zero and one, where a zero result

indicates full autonomy from the grid and a value of one
indicates a 100% likelihood of connection to the grid during
the evaluation period.

IV. THE PREDIS-MHI PLATFORM

The GreEn-ER building, Fig 3 located in the Presqu’ile
district of Grenoble, is a smart building designed to house
G2ELab and the school of water environment and energy
(ENSE3) of the Grenoble Institute of Technology. The building
has 6 floors with a floor area of 4500m2 per floor, and is
expected to have an average occupancy of 2000 people. Many
green technologies have been implemented in the building with
the goal of optimizing the energy use within the building [18].

Predis MHI (Monitoring Habitat Intelligence) is a platform
of the Grenoble Electrical Engineering lab (G2ELab) focused
on habitat intelligence (i.e. smart buildings). It acts as a living
lab for both academic and research activities and is designed
to achieve Net Zero Energy status [18].

The platform has a floor area of 500m2 and is composed
of offices, lecture rooms, students foyer, Electric vehicle (EV)
charging bay and a demonstration lab. The onsite generation
is entirely PV with a total installed capacity of 20kWp, no
storage is currently incorporated. The data for consumption
is made up of lighting, consumption from electrical outlets,
consumption from an electric vehicle charging bay and the
consumption of the Central Air Treatment of the Platform

Fig. 4: self-consumption results for Predis-MHI

(constituted of heating consumption, cooling consumption and
ventilation consumption). Typically the platform does not use
domestic hot water, which is a core component of the energy
consumption of buildings as identified by the CSTB [19].

V. RESULTS

For this paper, data for the period 1st January 2018 to 1st

January 2019 was considered. Table I shows the consumption
and production data as obtained from the Predis-MHI platform.
The data has been segregated into the various seasons to draw
a baseline for the results obtained in the indicator calculations.

TABLE I: PV Production and consumption of Predis-MHI
platform

Spring Summer Autumn winter Total
Consumption 2682.6 3036.6 4391.2 3359.3 13546.5

Production 7441.0 8876.9 2568.1 2084.0 21007.8

For the purpose of calculating the indicators, Indicom, an
open source tool for the evaluation of energy positive buildings
developed as part of the Comepos Project was used.

A. Self-consumption

Based on the available inputs, the results depicted in Fig.
4 were obtained as the self consumption for Predis-MHI.
An annual value of 0.28 was obtained, implying that 28%
of the energy produced on site was used by Predis-MHI.
Consequently, looking at the daily, weekly and monthly curves
it can be seen that the self-consumption for Predis-MHI
follows the typical self-consumption curve for France (high
in winter and low in summer).

B. Self-production

Fig. 5 shows the results obtained for self-production, an
annual value of 0.45. This implies that 45% of the demand
of Predis-MHI was satisfied by the local PV production,
consequently indicating that 55% of the energy requirements
of Predis-MHI was imported from the grid. However, due
to the relatively low self-consumption obtained, the imported
energy will be used to offset the exported energy in the
energy balance. Due to the higher consumption and lower PV
production during winter, the results are typically lowest in
winter and highest in summer.



Fig. 5: self-production results for Predis-MHI

Fig. 6: Coverage rate results for Predis-MHI

C. Coverage rate

The coverage rate is the indicator which actually determines
if a building is energy positive, zero energy or nearly zero
energy. The coverage rate obtained for Predis-MHI for the
period considered was 1.55, Fig. 6. This indicates that Predis-
MHI was energy positive. The value of 1.55 indicates that the
energy produced on site exceeded the demand of the platform
by 55%. Typically during summer days, the coverage rate for
Predis-MHI was found to be very high (maximum 13) owing
to the long summer days and higher PV production during the
period.

D. Loss of load probability

The results for the loss of load probability indicator, Fig.
7, shows that the platform has a high dependence on the grid
with an annual value of 0.69. This indicates that there is a
high probability that the load cannot be satisfied by the local
production irrespective of the fact that the energy produced on
site is significantly higher than the demand. This result can be
explained by the fact that there is no storage incorporated in
the building. It is also noteworthy to remark that the building
is a tertiary building and as such the majority of the load
is prevalent in the day time. It is therefore not far fetched to
assume that in a residential building with no storage the results
for this indicator could be worse.

VI. DISCUSSION

The approach in previous works, as depicted in [14], has
been focused on computing annual values. This approach
whilst useful for regulatory and administrative purposes, is not
very useful for the average building occupant. Thus, this study
considers a higher resolution when computing the indicators

Fig. 7: Loss of load probability results for Predis-MHI

under study (self-consumption, self-production, coverage rate
and loss of load probability). A time windowing algorithm
was thus used in the program to allow for calculation of the
various indicators for different time steps.

In addition, the self-consumption equation as used in this
work (proposed by [15] for the Comepos a project, a French
project to realize 25 demonstrator energy positive buildings by
2020) is a modification of the equation proposed by [16] in that
the storage is considered as a load and would therefore affect
the self consumed energy. Due to the fact that the platform
has no storage installed, the effects of this modification are
not immediately apparent.

According to [20], typical residential buildings in France
should be capable of achieving an annual self-consumption
rate between 20% and 50% with no storage, this value should
improve to approximately 70% with the addition of storage.
Similarly, industrial and tertiary buildings should be capable
of achieving an annual self-consumption rate of at least 95%.
This is however based on the hypothesis that the energy
needs of the building greatly exceed the installed PV capacity,
which is not the case with Predis-MHI. Thus considering
the results obtained and the referential values provided for
residential buildings in France, the self-consumption value of
28% achieved can be considered as a good value, particularly
since the loads present in the platform are not very flexible
and therefore do not allow for optimization with regards to
the PV production.

Since both the self-consumption and self-production provide
an indication of how effectively the on-site generation is being
utilized by the load, it is imperative to provide this feed-
back for both building occupant and if available the building
manager. The coverage rate, on the other hand, is a direct
indication of the energy balance and is also useful feedback for
occupants, building managers, and regulatory authorities. The
loss of load probability, unlike the other three indicators (self-
consumption, self-production and coverage rate), provides
information on the interaction of the building with the grid
and as such would be more useful for building managers and
grid operators. However, the loss of load probability indicator
could also be displayed for occupants if used in conjunction
with predictive models with a goal to influence user actions
in order to achieve higher autonomy from the grid.

For the purpose of evaluating the status of a building



Fig. 8: Sensitivity of Coverage Rate to data gaps

(Net Zero Energy, nearly Zero Energy or Energy Positive
Building) designed to achieve high energy performance, the
coverage rate indicator is the most suitable. However, since
it is not very interesting for a building to achieve its target
status without self-consuming the energy produced on site,
it is also imperative to monitor and possibly optimize the
building’s self-production and self-consumption. Loss of load
probability can be used with robust control algorithms to
utilize high consuming devices during the peak production
period, thereby improving both the self-consumption and self-
production levels of the building.

The addition of storage technology to such a building would
lead to higher self-consumption and self-production rates and
would also improve the loss of load probability. However,
the coverage rate would neither improve nor deteriorate since
the higher self-consumption rate achieved by adding storage
would imply a lower rate of energy import. Storage would
therefore be useful for improving the utilization of the on-site
generation, thus, storage would have a positive impact on the
self-consumption, self-production and loss of load probability
indicators. However, in the case of the coverage rate indicator
the effect of storage is non existent if a load/generation energy
balance is considered and negative if an export/import energy
balance is considered(equation 3). For the export/import en-
ergy balance, it is expected that the coverage rate would be
lower with storage due to the round trip efficiency of battery
storage technology.

Since the data was collected using sensors (both physical
and virtual), it is possible to have bad measurements (outliers)
or periods with no measurements (data gaps). Outliers were
treated using data treatment algorithms, data gaps, on the other
hand, were left untreated in order to maintain as much as
possible the integrity of the data. Data gaps would lead to
variations of the indicator in both positive or negative direction
depending on which measurement data was lost and the
amount of data lost. Considering the coverage rate indicator,
a loss of production data is expected to cause a reduction in
the resultant coverage rate, whilst a loss of consumption data
is expected to cause an increase in the resultant coverage rate,
figure 8.

VII. CONCLUSION

This paper evaluated the Load Match Indicators and grid
interaction indicators for NZEBs as proposed in the works of
[14] and [15]. The data considered for this study was from
a tertiary building which was specifically designed to have a
high energy performance with an ultimate goal of reducing
the carbon footprint of the platform.

The main goal of this paper was to evaluate the relevance
and consequently the usefulness of the proposed indicators
particularly for building occupants. Both [14] and [15] in their
works proposed an evaluation period of one year, which is
useful for developing and evaluating regulations. For building
managers and building occupants however, the one year eval-
uation period may not have any significance and will therefore
not impact the desired change in behavior that is expected.

In terms of their functionality, the self-consumption and
self-production indicators are not very easy to understand,
especially for the average building occupant. Building de-
signers and regulators will find these indicators more useful
than the average occupant. The main constraint being that
self-consumption and self-production produce a ratio, it is
not clear to a user if the self consumed energy is low with
high consumption or the consumption is high with low self
consumed energy. Thus, for most building occupants it would
be more interesting to have an indicator that would indicate
that production is low in relation to the consumption or vice
versa.

Future works could be done in evaluating the effects of
displaying these indicators for building occupants, particularly
for the load latch indicators. In addition, a color coding
scheme could be incorporated in the evaluating the effects of
displaying these indicators as suggested in [21] as an attempt
to address the issue of complexity of the indicator for average
building occupants.

In the case of the grid interaction indicator, possible studies
could be carried out considering a PV production prediction
model, battery storage, possibly a more flexible load (domestic
load) and a robust control algorithm. Such a study could be
instrumental in designing low energy and low carbon buildings
and could consequently improve grid resilience and reliability
(using the micro-grid concept).

REFERENCES

[1] Europa, “Energy performance of buildings.” [Online]. Avail-
able: https://ec.europa.eu/energy/en/topics/energy-efficiency/energy-
performance-of-buildings

[2] A. K. Aliyu, B. Modu, and C. W. Tan, “A review of
renewable energy development in Africa: A focus in South
Africa, Egypt and Nigeria,” Renewable and Sustainable Energy
Reviews, vol. 81, no. June, pp. 2502–2518, 2018. [Online]. Available:
http://dx.doi.org/10.1016/j.rser.2017.06.055

[3] M. Fayyad and J. John, “Defining Nearly Zero Energy Buildings in the
UAE,” Emirates Green Building Council, Dubai, Tech. Rep., 2017.

[4] IPEEC Building Energy Efficiency Taskgroup, “Zero Energy
Building Definitions and Policy Activity An International
Review,” International Partnership for Energy Efficiency
Cooperation, Paris, Tech. Rep., 2018. [Online]. Available:
https://ipeec.org/upload/publication related language/pdf/766.pdf



[5] Ministry of Ecology Sustainable Development and Energy, “Energy effi-
ciency action plan for France - 2014,” Ministry of Ecology, Sustainable
Development and Energy, Paris, Tech. Rep., 2014.

[6] P. Torcellini and S. Pless, “Zero and Net-Zero Energy Buildings +
Homes,” Building Design + Construction, no. March, 2011.

[7] M. N. K. De Silva and Y. G. Sandanayake, “BUILDING ENERGY
CONSUMPTION FACTORS: A LITERATURE REVIEW AND
FUTURE RESEARCH AGENDA,” in World Construction Conference
2012, no. June, Colombo, 2012, pp. 90–99. [Online]. Available:
http://www.irbnet.de/daten/iconda/CIB DC25108.pdf

[8] K. B. Janda, “Buildings don’t use energy: People do,” Architectural
Science Review, vol. 54, no. 1, pp. 15–22, 2011.

[9] A. Paone and B. Jean-Philippe, “The impact of building occupant
behavior on energy efficiency and methods to influence it: A review
of the state of the art,” Energies, vol. 11, p. 953, 04 2018.

[10] T. A. Nguyen and M. Aiello, “Energy intelligent buildings based on user
activity: A survey,” Energy and Buildings, vol. 56, pp. 244–257, 2013.

[11] A. Nilsson, C. J. Bergstad, L. Thuvander, D. Andersson, K. Andersson,
and P. Meiling, “Effects of continuous feedback on households’
electricity consumption: Potentials and barriers,” Applied Energy,
vol. 122, no. June, pp. 17–23, 2014. [Online]. Available:
http://dx.doi.org/10.1016/j.apenergy.2014.01.060

[12] H. Westskog, T. Winther, and H. Sæle, “The effects of in-home displays-
revisiting the context,” Sustainability (Switzerland), vol. 7, no. 5, pp.
5431–5451, 2015.

[13] J. Lin, N. Li, G. Ma, and J. Zhou, “The Impact of Eco-Feedback
on Energy Consumption Behavior : A Cross-Cultural Study,” in 33rd
International Symposium on Automation and Robotics in Construction
and Mining, Auburn, 2016, pp. 242–248.

[14] A. Salom, Jaume; Marszal, C. Josè, L. K. Byskov, and W. Joakim, “In-
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