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The European energy performance of the buildings directive (EPBD) recast states that all
new buildings should be nearly zero energy from 2020 [1]. Nearly zero energy buildings
can be achieved by improving building insulation levels, using energy efficient technologies
and integrating renewable energy systems into the built environment. Considering the high
economic efforts required for the implementation of these measures in the built environment, it is important to ensure that these measures deliver the desired performance over
the building’s lifespan. However, many uncertainties arise in the operation of a building such
as household size and their corresponding behavior. In addition, external factors, such as
climate change and policy changes affect the building’s performance over its lifespan. These
uncertainties impact the building’s performance, resulting in possible performance deviation
between the predicted performance in the design phase and the actual performance during
operation. To reduce this performance deviation, performance robustness of these buildings
considering uncertainties should be assessed in the design phase. Hence, we developed
a computational methodology considering these uncertainties to assess the performance
robustness of net-zero energy buildings.
Keywords: Robust designs, net-zero energy buildings, robustness assessment,
uncertainties, Multi-criteria assessment

T

he developed methodology is generic and can
be used for performance robustness assessment
of both new buildings and renovations. This
methodology is useful when different stakeholders with
multiple performance requirements are involved in a
project, and it is also effective in identifying a robust design
from a large design space. Due to space constraints, this
article demonstrates how a designer can use this methodology to identify robust net-zero energy building designs
among only few design alternatives. This demonstration
is carried out for the policymaker and the homeowner,
who represent different interests in the building industry.

Why robust designs?
In current design practice, building performance is
predicted by considering a set of assumptions about the
building’s operation. Moreover, to predict the performance of the buildings historical weather data is used.
Uncertainties in building operation, climate change and
policies may influence the building performance, which
could cause variations in energy use and operational
costs and could also lead to indoor environment quality
problems. The potential impact of these uncertainties is
very high in low/ net-zero energy buildings [2] resulting
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in possible performance deviation between predicted
and actual performance [3]. Furthermore, multiple
net-zero energy building (NZEB) configurations can
lead to similar optimal performance under deterministic conditions, but can have different magnitudes
of performance deviation under these uncertainties.
These uncertainties are rarely considered in the design
process of net-zero energy buildings, and hence the
decision making process may result in designs that are
sensitive to uncertainties [4,5] and might not perform
as intended. To reduce this sensitivity, performance
robustness taking into account these uncertainties
should be assessed during the design phase and should
be included in the design decision making.

Who is interested?
Policymakers can use performance robustness to define
energy performance requirements in future building
regulations to safeguard intended policy targets. They
can also define policies considering robustness to
support adaptations of current buildings to improve
their performance and extend their lifespans. Similarly,
performance robustness is a relevant concern for
homeowners, since they wish to ensure their preferred
building performance over the building’s lifespan.
Energy performance contractors can benefit from
performance robustness assessment by reducing the

deviation between predicted and actual performance
in operation.

How to evaluate robustness?
The probabilities of occurrence of uncertainties are
usually unknown. One way to proceed is to use
‘scenarios’, which can be understood as formulated alternatives, to integrate uncertainties into the performance
robustness assessment [6]. Scenarios are used to present
a range of possible alternatives so that the performance
robustness of designs can be assessed based on how the
different designs perform in each of these alternatives
[7]. Following this approach, we developed a computational methodology to assess the performance robustness of net-zero energy buildings [8]. Figure 1 gives
the graphical overview of the performance robustness
assessment methodology. This methodology comprises
multi-criteria performance assessment and multi-criteria
decision making considering multiple performance
indicators and their corresponding robustness (see
Figure 2). In this approach, by prioritizing the decision
maker’s preferences, the design space, future scenarios
and performance indicators are defined. In summary,
the performance of the design space is assessed for
future scenarios using building performance simulations with multiple performance indicators and their
corresponding robustness to identify robust designs.

Figure 1. Graphical overview of performance robustness assessment methodology.
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The steps of the methodology, as shown in Figure 2,
are described in detail in the following section.

future building regulations such that the preferred
design of a decision maker will also meet the criteria
of building codes and regulations [9–11]. In practice,
Step 1: Identify decision maker preferences and define
it is generally the case that several design configurathe building design space, future scenarios and perfortions lead to similar optimal performance under determance indicators.
ministic conditions, but these configurations have
significantly different magnitudes of performance
The design space needs to be defined based on the
deviation for future scenarios. For instance, all designs
requirements of decision makers and on current and
shown in Figure 3, could be NZEB solutions under
deterministic conditions. For
example, a NZEB solution
Start
can be achieved by combining
very high insulation levels (P1)
and a small renewable energy
generation and storage system
(RES1). In contrast, another
Identify decision makers and their
NZEB solution can be realised
preferences
Who? What? Why?
by combining a relatively lower
insulation levels (Pn) and larger
renewable energy generation
Define performance
Defin e design space
Define future scenarios
and storage system (RESn).
indicators
However, when uncertainties
arise, these designs can have
different magnitudes of performance deviation in operation
Set up building performance
compared to predicted perforsimulation model
mance in the design phase.
Hence, the preferred design is
based on optimal performance
Simu late the performance of th e
and performance robustness.
design space for all future scenarios

Performance
robustness

Mu lti-criteria performance
assessment

Multiple
performance
indicators

Trade-off
solutions

Selection of robust design s

Multi-criteria
decision
making method

End

Figure 2. Detailed overview of performance robustness assessment methodology
considering multiple performance indicators and their corresponding robustness.

Scenarios need to be defined
that consider all uncertain and
influential parameters that can
cause variations in the building’s performance over its
lifespan. Figure 4 provides an
overview of scenarios that could
be considered. These scenarios
include different household
sizes that may occupy a
building over its lifespan and
their corresponding occupant
behaviors. In addition, climate
scenarios are included and
cover a reference climate and
future climate change. Policy
changes such as feed-in tariff
prices for net-metering are
also considered. Similarly,
performance indicators that
are relevant to the decision
makers need to be defined.
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For instance, a policymaker prioritizes
a building design with low or no CO2
emissions, but not at the expense of high
investment costs. In contrast, a homeowner
prioritizes designs with comfortable indoor
environment at low cost. Hence, CO2 emissions and investment costs are the preferred
performance indicators for the policymaker,
while indoor environment quality and costs
such as investment, operating costs etc. are
the preferred performance indicators for the
homeowner.
Step 2: Set up a building performance
simulation model and simulate the performance, based on the defined performance
indicators, of the design space for all future
scenarios.
Step 3: Carry out a multi-criteria performance assessment considering multiple
Figure 3. NZEB designs with different insulation packages (energy
performance indicators and their correconsumption) and corresponding onsite renewable energy generasponding robustness. In the current
tion and storage systems (energy generation).
approach, in order to calculate robustness,
we exploit the concept of minimax regret
method [12]. In this method, for a given
scenario, performance regret is the performance differIn the next section, using five NZEB designs it is
ence between a design and the best performing design in
demonstrated how this methodology can be used by
that scenario. Ultimately, maximum performance regret
designers to aid decision makers in the design phase to
is used as the measure of performance robustness in this
identify robust designs.
approach. In simple terms, the maximum performance
regret of a design across all
scenarios is the measure of
its robustness. This multicriteria assessment enables
different decision makers
to choose robust designs
from a large design space
based on their preferred
performance indicators and corresponding
robustness.
Step 4: Select robust
designs for the decision
maker by prioritizing the
performance indicators
based on his/her preferences. The design that
has optimal performance
and the lowest maximum
performance regret is the
most robust [13].
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Figure 4. Scenarios formulated based on uncertainties in (future) household
size and range of occupant behavior, climate change and policy changes.
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Robust NZEB: Demonstration of
methodology using a Dutch case study
Description of case study

A semi-detached terraced house, a typical Dutch
residence [9], was chosen as the case study building.
It is a three-story building with a gross surface area
of 124 m² and a treated floor area of 104 m². The
building is heated using a floor heating system with
an air-water heat pump and is ventilated using a
balanced mechanical ventilation system with heat
recovery. The heat pump capacity for each design is
optimally sized by minimizing underheating hours.
To reduce overheating during summer, natural ventilation (free cooling) by opening windows is used
instead of mechanical cooling. Windows are shaded
by external devices, which are controlled based on
indoor temperatures and radiation levels on the
window surfaces (see Table 1). Domestic hot water
(DHW) needs are met by a solar domestic hot water
system with an auxiliary heater. It is an all-electric
building and the total electricity consumption for
heating, ventilation, DHW system, lighting, and
appliances of the building is met by an onsite photovoltaic (PV) system. A battery based energy storage
system is used to reduce the building’s dependency
on the grid.
Step 1: Identify homeowner’s and policymaker’s
preferences and define the design space, scenarios and
performance indicators
A homeowner prefers a robust design
that delivers a comfortable indoor
environment with low operational
and investment costs. Overheating
hours, which are based on adaptive
temperature limits proposed by [14],
is used for thermal comfort assessment. Total costs, which comprise
investment, replacement, operational
and maintenance costs, are used to
assess the financial implications of
design [11]. Since they are the same
for all designs, fixed costs such as land,
labor etc. are not considered in this
study. Operational costs are calculated based on net-energy consumption using the current energy prices
in the Netherlands. It is worth noting
that the effect of net-metering is also
considered in the calculation of operating costs. These costs are calculated
for a 30-year period. To calculate

net-present value (NPV), these costs are discounted
considering inflation rates and real interest rates.
A policymaker prefers a robust design that has low
CO2 emissions with low investment costs to enable the
policy of providing subsidies for the implementation of
CO2 reduction measures for end users. CO2 emissions
are calculated based on net electricity consumption. An
emission factor of 0,540 kgCO2 per kWh of electricity
consumption is used to calculate CO2 emissions [15].
The NZEB design space is defined, as shown in
Table 2, by varying envelope properties such as insulation levels, infiltration rates, and window type etc.
so that the resulting designs meet a range of applicable
standards. Current Dutch building standards are realized in Design-1, Dutch zero energy building standards
are realized in Design-2, Design-3 and Design-4 and
a passive house standard can be realized in Design-5.
Renewable energy and storage (RES) systems such as
PV, solar DHW systems and an electric battery based
storage system are added to these designs to make
them NZEB.
Occupant scenarios are formulated based on Dutch
household statistics. These scenarios cover different
household sizes ranging from a single person family
to a multi-person family of four. For each of the
occupant scenarios, usage scenarios are formulated
based on energy usage and activity in the building.

Table 1. Future scenarios considered in this case study.
Scenarios

Units

Low

High

[‐]

1

4

[‐]

Working

Retired

[°C]

18

22

[L/day/p]

40

100

[W/m2]

1

3

[W/m2]

1

3

[W/m2]

200

350

[ach]

Fully opened (5)

Partly opened (1)

[ach]

0,9

1,5

Policy scenarios
(Net‐metering, NM)

[‐]

Business as usual

Termination

Climate scenarios (CS)

[‐]

NEN5060

W+

Occupant scenarios
(OS)

Usage scenarios (US)
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These usage scenarios span very careful energy users
to energy-wasting users, and cover different types of
equipment with low to very high efficiencies. For
usage scenarios, occupancy patterns, heating setpoint
temperatures, lighting and appliance use, ventilation
rates, domestic hot water consumption and shading
control are varied (see Table 1). Two climate scenarios
are considered. One is a typical climate reference
year, NEN 5060, which is based on average months
of 20 years of historical weather data. Another is a
climate change scenario, W+, which represents an
extreme case of an increase of temperature of +2°C
in 2050 relative to 1990. In the current policy, the
energy imported and exported are equally priced if
the net annual energy balance is zero. If excess energy
is exported, it is priced at 0,07€/kWh. However,
since so many buildings have taken advantage of this
option to sell excess energy to the grid, the grid is
often oversupplied and under great stress in summer
months. Therefore, it seems probable that this current
net-metering pricing model will be terminated in the
future [17] and hence, net-metering scenarios are
formulated that represent business as usual and the
termination of the current net-metering policy. The
combinations of all these scenarios are used for the
performance robustness assessment.

Step 2: Set up building performance simulation model
In order to predict thermal and energy performance
of the designs (Table 2), a detailed building and
energy systems simulation model was developed in the
TRNSYS simulation tool. This model is coupled with
Mode Frontier, an optimization tool, to carry out the
assessment of the design space for all combinations of
considered scenarios (Table 1). Performance of the
design space is assessed with multiple performance
indicators such as overheating hours, NPV of costs,
CO2 emissions and their corresponding robustness.
Step 3: Multi-criteria performance assessment

Homeowner

Figure 5 shows variation of overheating hours and
corresponding regrets of five designs across the considered scenarios. Each box plot represents a design and
the spread of the boxplot of a design results from
the considered scenarios. It can be observed from
Figure 5 that all designs results in similar overheating
(length of box) in most of the scenarios, except for
extreme scenarios. Therefore, it is difficult to choose a
preferred design among these designs based on actual
performance. However, by using overheating regret
hours it is easy to distinguish between
the performance robustness of these
designs. For instance, design-1 has the
Table 2. Details of NZEB designs considered in this case study.
least overheating regret hours among
Design parameter
Design‐1
Design‐2 Design‐3 Design‐4
Design‐5
all designs as it has lower overheating
hours for most of the scenarios than
other designs. Similarly, design-2 and
design-3 have comparable variations
in overheating hours, but design-2
Rc, m2K/W
has lower overheating regret hours as
3,5/4,5/6
6/7/7
5/7/8
6/8,5/10
10/10/10
(Floor/walls/roof)
it is more optimal than designs-3 for
all scenarios. It is noteworthy that
1,43
1,01
1,01
0,81
0,55
Windows (U), W/m2K
design-1 results in overheating of
3
2
0,625
0,4
0,4
0,15
0,10
about 940 hours for extreme scenarios.
Infiltration, dm /sm
However, regret of overheating hours
Heating and ventilation systems
of this design is close to zero which
Heating
Floor heating with air‐water heat pump
indicates that design-1 performs better
than the other considered designs
Ventilation
Balanced mechanical ventilation with heat recovery
even for extreme scenarios. Therefore,
Renewable energy generation and storage (RES) systems
design-1 is the most robust NZEB
among the selected designs. It can also
28,8
24
19,2
14,4
9,6
PV, m2
be observed that the risk of overheating
Solar DHW, m2
5
5
5
2,5
2,5
increases with higher insulation levels.
The design with a highly insulated and
Battery, kWh
12
10
8
6
4
airtight building envelope (design-5) is
Additional investment
31
32
33
30
32
more prone to overheating risks and is,
cost, K€
thus, least robust to overheating.
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Figure 5. Variation of overheating hours and corresponding regrets of designs for all scenarios for the homeowner.

Low scenarios

High scenarios

Figure 6. Variation of overheating and corresponding regrets for low and high scenarios. The white box plots
represent low scenarios and red box plots represent high scenarios for the homeowner.
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The performance of these designs depends on the
considered scenarios. For instance, variations in overheating and corresponding regrets increase in all high
scenarios, except for the net-metering scenarios, as
observed in Figure 6. These variations are shown here
by pooling all low and high values of each scenario
separately. For instance, the spread of the box for the
low occupant scenarios includes all scenario combinations that have low occupancy. It can be observed
from Figure 6 that the climate scenarios are the most
influential, as the reference climate causes the least
overheating and climate change in future causes most
overheating. It is inevitable that overheating increases
with more number of occupants as observed in the
case of the high occupant scenario. This increase in
overheating is attributed to rise in heat gains due to
the presence and activity of occupants. Usage scenarios
also have a considerable influence on overheating. It
was found that internal heat gains, window opening,
shading and ventilation were particularly influential
scenarios. Proper shading control and higher ventilation rates through either ventilation systems or by
opening windows can reduce overheating significantly
and improve a design’s robustness to overheating as
observed in the low usage scenarios (see Figure 6).
It is worth noting that high scenarios of occupants,
usage and climate result in the maximum performance
regret of overheating. Usage scenarios and climate
scenarios are the most influential on a design’s robustness to overheating.

Figure 7 shows variation of NPV of costs and corresponding regrets of five NZEB designs across the considered scenarios. It can be observed that design-1 has
large variations in costs across all considered scenarios.
However, this design has zero regrets of costs for few
scenarios, which indicates that design-1 is optimal for these
scenarios. Similarly, design-2 and design-3 have comparable variations in costs, but design-3 has less regrets as it
is more optimal than design-2 for all scenarios. Therefore,
design-3 is more robust than design-2. Design-4 has the
lowest maximum regrets of costs and is, thus, the most
robust among the five designs. In contrast to overheating,
designs with higher insulation levels and small RES
systems have low NPV of costs and corresponding regrets.
This contrast is attributed to operational costs among
other factors. Operational costs are less dependent on the
size of RES system, in the case of the termination of netmetering, as the excess energy exported to the grid does
not lower operational costs. Therefore, design-1 with the
larger RES system results in higher regrets of costs than
the other designs. Contrariwise, when net-metering is
present, the design with larger RES system (design-1) has
lower regrets of costs compared to that of the design with
a smaller RES system (design-5), as observed in Figure 7.
For all scenarios, design-4, which has higher insulation
levels than design-1 and a smaller RES system than
design-5 has the lowest maximum performance regret
of NPV of costs. Therefore, an optimal balance between
insulation levels and size of RES system is important to
achieve a cost optimal robust NZEB, which is design-4.

Figure 7. Variation of NPV of costs and corresponding regrets of designs for all scenarios for the homeowner.
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Low scenarios

High scenarios

Figure 8. Variation of NPV of costs and corresponding regrets for different low and high scenarios for the
homeowner. The white box plots represent low scenarios and red box plots represent high scenarios.

Figure 9. Variation of CO2 emissions and corresponding regrets of designs for all scenarios for the policymaker.
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Net-metering is the most influential scenario on NPV
of costs (see Figure 8). In the case of net-metering
termination, there is a significant increase in the costs
and corresponding regrets. It is intriguing that due
to climate change the costs are lower in the future
compared to the reference climate. This difference is
attributed to reduction in heating energy demand for
the climate change scenario. It is noteworthy that there
is an increase in costs for bigger households, but regrets
of NPV of costs are lower, which is probably due to an
increase in renewable energy utilization.

Policymaker

It can be observed from Figure 9 that design-1 has large
variations of CO2 emissions, but has lower variations
in CO2 emissions regrets compared to other designs.
This is because design-1 performs better than other
designs for most of the scenarios. However, design-2
has the lowest maximum regrets of CO2 emissions
and is, thus, the most robust among the five designs.
The designs with low insulation levels and larger RES
systems (design-1 and design-2) are found to be more
robust than designs with high levels of insulation and
smaller RES systems (design-3 - design-5). CO2 emissions are higher for all high scenarios, except for climate

scenarios (see Figure 10). This difference for climate
scenarios is attributed to a reduction in heating energy
demand due to increased temperatures. In contrast,
CO2 emission regrets increase in the climate change
scenarios. This increase in CO2 emission regrets is
because of the large performance deviation between
the designs in the climate change scenario and the
reference climate. It is worth noting that termination
of the net-metering policy results in higher CO2 emissions but in very low CO2 emission regrets. This reduction in CO2 emission regrets is attributed to deviation
between the performances of the designs from the
optimal performance, which is very low in the case of
net-metering termination. In contrast, this deviation
is higher for the net-metering scenarios. For instance,
design-1 is optimal and the performance deviation of
other designs from this optimal performance is higher
in the case of termination of net-metering. On the
other hand, design-2 is optimal for the net-metering
scenario and the performance of other designs is not
far from this optimal performance, and, thus, these
other designs result in lower regrets. It is noteworthy
that the designs with larger RES systems are optimal
for these scenarios as the renewable energy utilization
is higher for these designs.

5000
4000
3000
2000
1000
0

CO2emissions
regret, KgCO2/a

-1000

Low scenarios

High scenarios

Figure 10. Variation of CO2 emissions and corresponding regrets for different low and high scenarios for the
policymaker. The white box plots represent low scenarios and red box plots represent high scenarios.
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Step 4: Multi-criteria decision-making
If a homeowner prioritizes costs and accepts certain
overheating hours as a trade-off, then design-4 is the
preferred robust NZEB design, as can be seen in Figure 7.
Furthermore, design-4 has close to zero overheating regret
hours for most of the scenarios. However, if a homeowner
prefers to reduce overheating, then design-1 is the most
preferred robust design as it has close to zero overheating
regret hours (see Figure 5). That said, design-1 incurs an
extra NPV of costs up to 8900€ as a result of the trade-off
to reduce overheating regrets of about 456h/a compared
to design-4. To reach a compromise, design-3 is the most
preferred robust design, as it has lower maximum regret of
NPV of costs compared to design-1 and lower maximum
regret of overheating compared to design-4. However, the
preferred robust design depends on required additional
investment cost, but, since the difference in additional
investment costs across the designs is a maximum of 3K€
(see Table 2), it is too small to have an impact on the
design decision making.
Similarly, a policymaker would prefer design-2, as can be
observed from Figure 9, as it has the lowest maximum
CO2 emissions regret. However, for most of the scenarios,
design-1 is more robust compared to design-2. The
maximum regret of design-1 is slightly higher than
design-2 which is caused by an extreme scenario. If the
policymaker is willing to accept this risk, then design-1
is more preferred. To choose a robust design for both
homeowner and policymaker, all the preferred performance indicators of both decision makers and their corresponding robustness should be taken into account. The
preferred robust design for both homeowner and policymaker is design-1 as it is robust to overheating hours (see
Figure 5) and CO2 emissions (see Figure 9) and also has
zero regrets of costs for few scenarios (see Figure 7).

Summary
This methodology, as demonstrated, can be used by
designers to aid decision makers in the design phase to
select robust NZEB designs that deliver the preferred
performance in future operation. Using this methodology,
a decision maker can prefer a robust design by prioritizing
a particular performance indicator and can trade-off the
performance and robustness of other performance indicators. As demonstrated in the case study, it is easier to
distinguish between the designs based on robustness than
on actual performance. This visualization is instrumental
in allowing stakeholders to make informed choices,
especially when a design has to be selected from a large
design space and multiple performance requirements are
considered. This case study shows that buildings with

higher insulation levels are prone to overheating and that
achieving an optimal balance between insulation levels
and size of energy system is essential to achieve a cost
optimal robust NZEB for the homeowner. Buildings with
low insulation levels and larger RES systems are found to
be more robust for the policymaker.
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