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Preface
This thesis is the end product of my master’s program Climate Studies at Wageningen University
& Research. Thereby, it means the finalization of my academic career. I have thoroughly enjoyed
my studies and I am beyond grateful for the opportunities that I have had during my academic
development. I am glad and excited to share that during my academic process I have found the
passion that I want to pursue in my career: enhancing sustainability and managing climate
change.
My studies have been an ongoing progress of growth, learning and expanding my awareness as
to what is happening in the world that we live in. Over the years, and especially during my
master’s program in Wageningen, I developed valuable academic skills and have greatly
expanded my knowledge of environmental science. Besides that, I have learned a great deal about
myself as a person, about discipline, my skills and my true interests. I have managed to finally
funnel my broad interests into one overarching theme: climate change. I am thankful and very
excited to shortly start my career in this field. I wish to share and use the knowledge that I have
acquired at Utrecht University, the University of California Irvine and Wageningen University &
Research in my career, with the ultimate goal to contribute to making this planet a better place.
As humans, we have the tendency to adopt a short-term pragmatic way of thinking rather than
thinking about future implications. Although uncertainties with regard to investments and
complexities of systems are a logical drawback, they should be no reason to sit back and wait for
action to be taken when it is already too late. Economic incentives may not dominate urgent
environmental rationales, as the economy will not be able to flourish when Earth’s biophysical
thresholds are surpassed and its resources are contested. This accounts for a wide variety of
situations, amongst which are unsustainable building practices. The transition towards a Net Zero
Energy (NZE) built environment on a short time span is highly challenging, yet we should actively
invest in making it happen. We need to recognize the problem at hand - global climate change and
resource depletion - and actively start thinking in possibilities rather than constraints. The
current transformation of the energy market creates possibilities, possibilities that we should
embrace and optimize to achieve a sustainable, low-impact future.
To contribute to this goal, this study offers a roadmap for successful project development and
delivery of Net Zero Energy Buildings (NZEBs). I thoroughly enjoyed writing this thesis as I
believe that NZEB is a major contribution to the end goal of achieving a sustainable future. NZEBs,
when properly developed and implemented, lead to energy conservation, decreased greenhouse
gas emissions, material conservation, minimized waste and a healthier in- and outdoor
environment. Therefore, they play a substantial part in resource securitization and diminishing
climate change. Although the content of this thesis cannot be reproduced without prior consult,
the reader of this study is highly encouraged to share the findings and spread the key messages
of this research. I believe we are capable to realize NZEBs more efficiently, effectively, rapidly and
on a larger scale - if only we work together, integrate our knowledge, use our financial resources
properly and get our priorities aligned towards creating a sustainable future.
Large multi-story office buildings impose a substantial challenge in NZEB which results in a
knowledge gap that actively and critically needs to be filled. Although large multi-story office
buildings are the main focus in this study, the results of this thesis are not merely applicable to,
nor are they entirely based on, large office buildings. The results are therefore also relevant for
other commercial NZEBs, smaller NZEBs, nearly NZEBs and other type of low- or no-energy
impact buildings.
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Summary
Our society faces severe challenges with regard to resource depletion and climate change.
This is especially true for the building sector, which generates substantial amounts of waste,
consumes approximately one third of all energy and is responsible for nearly one fifth of the
greenhouse gas emissions. Within the building sector, offices consume most energy of all
commercial buildings. The building sector, and office buildings in particular, therefore need
to be transformed to adopt more sustainable practices. Net Zero Energy Buildings (NZEBs)
have received increasing attention. Although the construction of residential NZEBs are
gaining momentum, the realization of large commercial NZEBs remains a challenge. I study
such challenges and, moreover, assess successful practices in NZEB project development. My
study aims to identify core-best practices in NZEB and develop a recommendation
framework that facilitates NZEB-project developers to make informed decisions and enhance
successful project deliveries. The framework and the core-best practices are specifically
targeted at office buildings, but it also applies to other low- or no-energy commercial
buildings.
The main NZEB challenges are the static character of the building sector, their performance
gap, the sick building syndrome, decision-making stress, a lack of experience and know-how
on how to develop and establish NZEBs, and the political challenge of developing NZEBrelated policies that meet local conditions. The performance gap, which is a structural NZEB
challenge, entails that the building deviates in in-use energy performance as compared to the
designed/calculated energy performance when the building was completed. My study
identified best practices to overcome these challenges. Scientific literature on NZEB has been
analyzed to identify the main successes and challenges in the four phases of a building’s life
cycle: design, construction, operation and maintenance and post-occupancy. The success
principles identified in the literature review have been tested, deepened and complemented
by expert interviews with NZEB and other sustainable building professionals. Finally, two
case studies of multi-story office buildings were analyzed to illustrate these findings with
practical examples. The NZEB success principles from the literature review, expert
interviews and case studies were synthesized to develop best practices in an Integrated
Recommendation Framework for the design, construction, operation and maintenance and
post-occupancy phase of NZEB projects. In the conclusion, these best practices have been
further integrated into four core-best practices that capture the overarching message. The
combination of these two products function as a starting point for NZEB project design
development.
The best practices as identified in the Integrated Recommendation Framework are
categorized according to the building phases, but are overarched by the Integrated Design
Approach which ensures that all processes and stakeholders in all four building phases
remain integrated and well-connected. In the design phase, best practices are to adopt
Integrated Design Teams (IDTs), define NZEB and to establish clear goals and targets with
measurable thresholds to track performance, extensive modeling and simulations to
incorporate uncertainties and to accurately size building systems, adopt performance-based
design- and contracts (PBD and PBCs) and aim for performance-based certifications.
For construction, the most important best practices are related to construction quality and a
minimization of embedded energy in building material. This includes the adoption of a wholelife cycle or a circular approach to building. Ecological, reused, recycled or refurbished
7

building materials and components should be optimized in the new construction. Moreover,
the circular approach includes to design and construct the building for disassembly at the
end of the building’s life, so that its components can in turn be reused in other structures.
Building design and construction that allows for flexibility and adaptability is another related
best practice. Other related construction best practices are the use of prefabricated building
components, the adoption of a materials passport, and most importantly: quality assurance
throughout the construction phase. Inadequate construction quality currently plays a major
role in the performance gap.
For the operation and maintenance phase, best practices are to train/educate the building’s
occupants on how to properly use the building, grant time and effort to careful maintenance,
adopt soft landings in building operation and extensive monitoring and evaluation by a
qualified team. Finally, best practices in the post-occupancy phase are to develop and admit
to a clear deconstruction plan, carefully dismantle the building to reuse or recycle building
components with specific attention granted to stability and preserving material quality, and
to update the materials passport to facilitate reuse and recycling of the building’s components
in other structures.
The first core-best practice for successful NZEB project development is to define the NZEB in
terms of the local context, determine the system boundaries and set a clear vision and goals
for the project. The second core-best practice is to minimize the building’s energy demand
and impact through the integration passive systems first, enhanced energy efficiency of active
systems (especially HVAC and lighting systems), integration of renewable energy systems
(RES) to cover the remaining demand, and to minimize embedded energy. Correct energy
calculations, proper systems sizing and variable supply and demand are key factors related
to these energy principles. The third core-best practice is performance, specifically
performance based design and contracting, the adoption of key performance targets and
indicators, extensive modeling and continuous monitoring and evaluation to identify flaws
and improve the building’s performance. Construction quality (insulation) and building
certification are key factors to assure building quality and performance. The fourth core-best
practice is to grant specific attention to indoor environmental quality (IEQ) by providing
maximum thermal comfort, indoor air quality (IAQ), daylight, visual and acoustic comfort.
Not only is this important to satisfy the buildings occupants in terms of well-being and
productivity, healthy indoor environments essentially also lead to major financial savings
through reduced sick-time.
These four core-best practices of NZEB project development are overarched by the best
practice to adopt an integrated design process (IDP). The adoption of an IDP means that the
design team and all building systems and components are integrated and connected. The
complexity of NZEB requires a multidisciplinary, integrated design team (IDT) to realize a
successful NZEB. This helps to integrate and share knowledge and experience, minimize flaws
and errors in the systems, and provide quality assurance from the design phase up until the
end of a building’s life cycle. As NZEB design and practices are highly context-specific, nations
and regions need to develop their own definition and strategies towards NZEB. This thesis
provides an outline of main process-based best practices related to NZEB project
development that are universally applicable under varying environmental, political, cultural
and financial contexts. The guidelines in this research therefore function as a starting point
for successful NZEB project development.

8

Acronyms
AC

Air Conditioning

KPIs

AEC

Architectural, Engineering and
Construction

LCA

BIM

Building Information Modelling

LCC

BMS
BPS
BREEAM
BSS

Building Management Systems
Building Performance Simulation
Building Research Establishment
Environmental Assessment Method
Building Service Systems

Key Performance Indicators
Life Cycle Assessment
Life Cycle Costing

LEED

Leadership in Energy
Environmental Design

MHP

Manitoba Hydro Place

M&E

Monitoring and Evaluation

M&V

Measurement and Verification

CaGBC

Canada Green Building Council

NBI

New Buildings Institute

DBB

Design-Bid-Build

NZE

Net Zero Energy

DHW

Domestic Hot Water

nZEB

nearly Zero Energy Buildings

EC

European Commission

NZEB

Net Zero Energy Building

ECM

Energy Conservation Measures

EE

Energy Efficiency

NZEE

EED

Energy Efficiency Directive

NZSE

EE-HPB

Energy Efficient
Building

NZScE

Net Zero Source Energy

EPBD

Energy Performance
Directive

O&M

Operation and Maintenance

HVAC

Heating,
Ventilation
Conditioning

PBD

Performance Based Design

HRV

Heat Recovery Ventilation

PBC

Performance Based Contracts

IAQ

Indoor Air Quality

PE

Primary Energy

IEQ

Indoor Environmental Quality

PEB

Positive Energy Building

IDP

Integrated Design Process

PDCA

Plan-Do-Check-Act

IDT

Integrated Design Team

RES

Renewable Energy Systems

IEA

International Energy Agency

SBS

Sick Building Syndrome

IEQ

Indoor Environmental Quality

VDC

IPD

Integrated Project Delivery

WLC

NZEC

High-Performance
of

Buildings
and

Air

and

Net Zero Energy Costs
Net Zero Energy Emissions
Net Zero Site Energy

Virtual Design and Construction
Whole Life Costing

9

Chapter 1 Introduction
1.1 Cities and climate change
More than half of the world’s population currently lives in cities or urban settlements. This
number is expected to increase to 60% by 2030 (1). Cities are hotspots for economy, commerce,
industry and much more, and have an according ferocious appetite for energy and resources.
According to the C40 Cities Climate-Leadership Group, large cities consume two thirds of the
world’s energy and are responsible for 70% of global CO2 emissions (2). Cities are to a large
extend responsible for environmental harm, amongst other factors due to these emissions, and
they are also particularly vulnerable to the impacts of climate change. They therefore play a
crucial role in the combat against climate change and the road towards a sustainability.
Particularly, large cities are characterized by skylines that consist of large enterprises,
commercial buildings, and office buildings amongst others. Large (multi-story) office buildings
and their road to sustainability are the central topics in this research.

1.2 The building sector and climate change
Buildings currently use much energy and material, and therefore contribute to a substantial
extend to greenhouse gas (GHG) emissions. According to the 2014 IPCC report (3), buildings
accounted for one third of total global final energy use in 2010 and nearly one fifth of the global
energy-related GHG emissions of direct and indirect emissions are combined (Figure 1.1). In a
more recent report, Cao et al. (4) stated that over 40% of total primary energy consumption in
the U.S. and the EU can be attributed to building energy use. Moreover, the 2014 IPCC report
stated that the energy use by buildings and the associated emissions are likely to double or even
triple in the middle of this century when a business-as-usual scenario is considered. An additional
and considerable challenge in buildings is the so-called lock-in risk of environmental impact
caused by buildings due to their generally long lifespans (3). Due to this considerable share of the
building sector in global energy consumption and attributed GHG emissions, high-performance
buildings, amongst which are Net Zero Energy Buildings (NZEBs) have recently gained a
considerable amount of attention as they are a means to combat climate change.
35%
30%
25%
20%
15%
10%
5%
0%
Agriculture,
Forestry and
Other Land Use

Buildings

Transport

Direct Emissions

Industry

Other Energy

Indirect Emissions

Figure 1.1 GHG contributions according to economic sectors. The building sector accounts for a total share of
18% of global GHG emissions.
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Due to the vast share of the building sector in energy consumption, associated GHG emissions and
the previously described lock-in risk of environmental impact associated with buildings, the
building sector and its road towards sustainability should particularly and importantly be
studied. When considering the (long-standing) environmental impacts of buildings in
combination with growing threats of fossil-fuel shortages (5), the urgency of ambitious and rapid
measures to achieve a sustainably built environment is evident. Ambitious goals have been set
world-wide to eventually achieve a Net Zero Energy (NZE) built environment.

1.3 Achieving NZEBs: current situation and challenges
The main political instrument to achieve NZE targets in the building sector is the European
Energy Performance of Buildings Directive (EPBD). In Art. 9, the Directive (2010/31/EU)
contains the legal requirement for all European member states to ensure a nearly NZE status of
all new buildings in 2021 (6). On an even shorter time span, all new public buildings should be
nearly NZEBs as of 2019. The US Department of Energy (DOE) has set a goal to achieve marketable
commercial NZEBs by 2025 (7). The relatively short time span for a such a complicated and largescale transition towards NZEB is ambitious by nature, especially regarding the static character of
the building sector.
An additionally complicating factor arises with regard to climatic context. Universal energyrelated legal requirements can not be equally translated to specific measures in different climatic
regions with according energy-related differences in supply and demand. Heating and cooling
dominated climates require different strategies to establish well-performing NZEBs and local
conditions for renewable energy options vary. As a result, despite increased awareness,
intentions and political ambitions to rapidly make the transition towards a NZE built
environment, there is no clear roadmap on how to actually get there – thereby hampering the
mobilization of such transition.
The static character of the building sector and the difficulty to translate and implement legal
enforcements to the local context are just two of many challenges related to NZEB. To start, there
is no common and universally accepted definition of NZEBs. This complicates the development of
NZEB-related policy and allows for open interpretation of the concept. Lack of know-how and
experience related to NZEB and with technical limitations impose another challenge to the
establishing successful NZEBs and their upscaling potential. Moreover, NZEBs are highly complex
systems that need to be extremely energy efficient, incorporate renewable energy sources (RES)
and provide a healthy and comfortable indoor environment for its occupants. At the same time,
they need to demonstrate a robust performance. Currently, many NZEBs and other energyefficient buildings face a problem known as the performance gap (8). The performance gap is the
discrepancy between the designed or intended performance of the building and the actual in-use
performance of the building. These challenges currently hamper the large-scale uptake of NZEBs.
Despite the residential and small-scale commercial building sectors increasingly gaining
momentum, it is especially the realization of large, multi-story NZEBs that impose a significant
challenge. In a report published early in March this year, the New Buildings Institute (NBI)
illustrated a rapid increase in either verified or emerging NZEBs in the United States. Whereas
the NBI identified merely 60 realized or emerging NZEBs in 2012 (9), their report in 2018
identified nearly 500 realized or emerging NZEBs (10). This substantial growth of either verified
or emerging NZEBs in a time span of merely six years manifests the rapid momentum that NZEBs
are gaining. Although this trend is inherently promising, this increase in NZEBs predominantly
concerns relatively small-scale NZEBs. As stated in the NBI report published in 2012: “With
exception of two facilities [...] all NZEBs are less than 15,000 square feet, and half are less than 5,000
square feet. More large building examples will be helpful in expanding the NZE impact” (9) .
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Although the political ambitions and environmental urgency of realizing NZEBs are clear, the
transition towards energy-neutral building is highly complicated and faces various challenges.
Legal requirements enforce the short-term realization of public NZEBs, yet their legal power is
contested through the lack of a common definition of NZEB which allows for open interpretation
of the concept. The possibilities and constraints to realize a NZEB are highly context-specific and
require a fit-to-purpose design based on the local site. Variations in climate and occupant
behavior make it a difficult task to design for a well-performing and robust NZEBs. Lack of knowhow and experience in the field of NZEB, technical, financial and political constraints and the
static character of the building sector hinder the uptake and upscaling potential of NZEBs.
Therefore a need arises to develop roadmaps with practicable recommendations to facilitate the
realization of (large-scale) NZEBs.

1.4 Purpose of the Study
This research aims to find overarching best practices in NZEB design and project delivery.
Although there is increasing consensus on the importance of NZEB, there are current knowledge
gaps on how to get there and how to develop successful NZEB projects. The best practices
identified in this study are meant to facilitate project developers with making informed decisions
that will enhance the chance of a successful project. Whilst universally applicable best practices
in NZEB in terms of specific practical measures (practice-based best practices) cannot be
developed, comprehensive statements can be made on practices that regard the process of project
development (i.e., process-based best practices).
The development of an Integrated Recommendation Framework and the identification of corebest practices in NZEB projects are the main goals of this research. The Integrated
Recommendation Framework and core-best practices provide guidelines that are applicable in
different climatic contexts. Additionally, these guidelines are insusceptible to varying political,
socio-cultural and economical contexts. The end-results of this study therefore offer a universally
applicable roadmap for successful NZEB development. To develop the Integrated
Recommendation Framework and core-best practices, a literature review will be performed,
complemented with expert interviews and two case-study analyses. These research methods
analyze success principles in the four building phases of a NZEB, are synthesized into best practices
in the recommendation framework and are essentially further integrated into four core-best
practices of NZEB project development.
More concisely, this research aims to first identify success and challenge principles in NZEB
projects based on a literature analysis, expert interviews and case studies. These success
principles are synthesized into best practices presented in a recommendation framework, and
further integrated into core-best practices to be considered in any low- or no- energy building.
The ultimate aim of this study is to enhance the chance of successful NZEB project development
and delivery.
The main research question in this study is: What are best practices in NZEB that are to be taken
into account in future project development? To answer this question, the following RQs are
answered:
RQ1:
RQ2:
RQ3:
RQ4:

What are successes and challenges in NZEB projects as identified in literature?
What are successes and challenge in NZEB projects as identified through expert
interviews?
What factors led to the successful development of Manitoba Hydro Place, Winnipeg,
Canada?
What factors led to the successful development of The Edge, Amsterdam, The
Netherlands?
12

1.5 Research Concepts
Net Zero Energy Buildings (NZEBs)
A NZEB – in this research – is defined as a building that has an annual zero net energy use. This
means that the building’s energy demand is less than or equal to its own on-site renewable energy
generation, allowing the building to be self-sufficient. The first step in becoming a NZEB is a strong
reduction in the energy demand, realized through the application of energy conservation
measures. The next step in becoming a NZEB is to cover the remaining energy demand with onsite renewable energy generation (11). The system boundaries are set to the site level of the
building. Section 2.2.2 elaborates on the on-site NZEB concept as handled in this research.
Large-scale Office Buildings
The focus in my study is on large (>30,000 m2) multi-story (>10) office buildings. This surface
area size and multi-story character have been chosen in light of the urban context described at
the start of this introduction. Office buildings have been chosen over other commercial buildings
for three main reasons. Firstly, office buildings consume most energy and produce the most GHG
emissions of the commercial building sector (12,13) and they offer the greatest potential for
action to achieve significant savings (14). Secondly, office buildings have a relatively
homogeneous and stable energy demand and have a lot of available data due to extensive
monitoring. Lastly, large multi-story office buildings impose a substantial challenge in NZEB,
which results in a knowledge gap that actively and critically needs to be filled.
(nearly) Zero Energy Buildings, Energy Efficient High-Performance Buildings
Literature on best practices in large-scale NZE office building projects proved to be rather limited.
Plausible reasons for these limitations are described in Chapter 8. Although this study is
predominantly focused on NZE office buildings, the results have also been developed based on
available literature and expert knowledge on other low-energy impact large buildings, as long as
they are commercial buildings. This includes (nearly) Zero Energy Buildings (nZEBs) and Energy
Efficiency High-Performance Buildings (EE-HPBs). The focus throughout the research remained
solely on commercial buildings, and specifically on office buildings where solid statements merely
on office buildings could be made. As will become evident in Chapter 2.1, commercial buildings
and office buildings largely share a comparable energy demand. Therefore, the results are
applicable to NZE office buildings specifically as well as other NZE commercial buildings and
other low-energy commercial building types – as long as their energy demand compares to
offices.
For clarity purposes, however, I will address merely NZEBs in this research unless the results are
specifically focused on non-NZEBs. Nonetheless, it is important to keep in mind that these results
are also applicable to other low-energy impact building types.

1.6 Structure of this Study
First, the topic and context of NZEB is explored through a conceptual approach (Chapter 2). This
chapter clarifies how (office) buildings and energy relate, presents and discusses various
definitions of NZEB, defines a working definition for NZEB in this research, elaborates on the basic
energy principles of NZEBs and finally contextualizes the topic in a political light. Chapter 3 then
describes the methods used to answer the RQ 1-4. Chapter 4 answers RQ1 through an exploration
of literature, grants insight in the main challenges that surround NZEB and offers us a first
guidance to overcome these challenges through the presentation of success principles in
Framework I. Chapter 5 answers RQ 2 by discussing challenges in NZEB and presenting the
success principles as identified in the expert interviews in Framework II. Chapter 4 and 5 are
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complemented by the case study analyses in Chapter 6, where RQs 3 and 4 are answered. The
main success principles of NZEB project development based on the case study analyses are
presented in Framework III.
This leveled structure finally allows for the presentation of the Integrated Recommendation
Framework on NZEB that combined the success principles identified in the literature, expert
interviews and case studies into one Integrated Recommendation Framework in Chapter 7. This
framework largely answers the main RQ of this study. Frameworks I - III and the Integrated
Recommendation Framework function as preliminary end-results and conclusions on best
practices in NZEB project development. However, this study shows that NZEB is a highly complex
and broad topic and the best practices presented in the framework do not cover the full story.
Therefore, to fully grasp the meaning of this study, Chapter 8 critically discusses and
contextualizes the results of this thesis. In turn, this allows for more elaborate and robust
conclusions to be drawn in Chapter 9, where the best practices are further integrated into four
core-best practices and the main RQ of this study is concisely answered.

Figure 1.2 Illustration of the 99-story high NZE Pertamina HQ Tower in Jakarta, planned to be completed in
2019. Copyright permission to present this figure has been granted by SKIDMORE, OWINGS & MERRILL LLP.
https://www.som.com/news/pertaminas_net-zero_energy_skyscraper_in_jakarta_is_a_world_first
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Chapter 2 Conceptual Approach to NZEB
This chapter discusses the topic of NZEB in a wider context. This helps the reader to better
understand the concept of NZEB and contextualize the findings from the results (Chapter 4, 5, 6
and 7). After a short discussion of how energy is used by buildings in general and offices in
particular (Section 2.1), we move on to a more elaborate discussion of NZEBs. A clear definition
of the NZEB concept is crucial as it influences the project design, targets and potential. However,
there is no consistent universally accepted definition of NZEB. Section 2.2 therefore first discusses
several existing definitions of NZEBs and concludes with the NZEB definition and concept as
handled in this research. Section 2.3 further elaborates on the basic energy principles of a NZEB.
Section 2.4 places NZEB in a wider political context to understand the implications for the largescale uptake of NZEBs. Finally, Section 2.5 presents a DPSIR-framework to understand NZEB and
the implications of unsustainable building practices in the larger context.

2.1 Energy and Buildings
With buildings and their energy use being central in this study, it might be helpful to take a step
back and clarify how energy and buildings relate on an abstract level. This is best represented in
a conceptual diagram (Figure 2.1). This diagram functions as a point of departure to understand,
contextualize and connect the findings in this thesis, and will be addressed again at the end of this
work.

Figure 2.1 Buildings and energy input. Diagram is based on findings presented in (15)

Buildings consume energy both directly and indirectly. Most obvious, a building consumes energy
directly through (de)construction practices and, predominantly, in its operational phase. This
direct energy input is derived from the grid and possibly, dependent on the building type, from
(on-site) renewable energy sources. This direct energy input supplies the building with energy
needed to operate.
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However, it is important to realize that buildings also consume energy indirectly. Energy is
needed to harvest raw materials, fabricate end-products and to transport these materials to the
building site where they are used to construct the building. This energy is referred to as
‘embedded energy’ - energy that has been consumed in all processes associated with the
production of a building. Embedded energy and other material-related practices are elaborated
upon in Chapter 4.1.2, but for now, this understanding suffices.
At the end of a building’s life cycle, when the building is deconstructed/disassembled, the
building’s waste products be reused, recycled or disposed. These practices are discussed in
Chapter 4.1.4. With regard to energy flows, for now it is mostly relevant to understand that
disposal of products (landfill) entails a waste of embedded energy. Recycling building
components requires energy to transform the product into another, yet saves energy in the first
stage of raw material harvesting. The reuse of building components in other structures requires
little additional energy (except for transportation and the new construction practices) and
optimizes the embedded energy that went into their initial production.
Figure 2.2 below presents the energy end-use breakdown of direct energy input in commercial
buildings on a more detailed level.
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Figure 2.2 Energy end-use breakdown in commercial buildings. Adapted from (16).

2.1.1 Energy use in office buildings
Offices consume most energy of all commercial buildings (Figure 2.3). As we have seen in Figure
1.1, most of the building’s energy consumption and GHG emissions derive from indirect energy
consumption. Office buildings also consume the most indirect energy of all commercial buildings
(Figure 2.4).
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Figure 2.3 Total energy use of commercial buildings per building type. Graph is based on data from (13).
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Figure 2.4 Indirect primary energy consumption per commercial building type in 2012. Graph is based on data
from (13).

Office buildings mainly consume energy for space heating, space cooling, domestic hot water
(DHW), auxiliary energy, ventilation, lighting and appliances (6,8). Figure 2.5 below presents the
energy use breakdown in office buildings. Most consumed energy is used for Heating, Ventilation,
Air-conditioning and Cooling (HVAC) systems, followed by lighting. Similar to other commercial
buildings, space heating also requires the most energy in office buildings (8). Upon designing for
NZEBs or other energy efficient buildings, HVAC and lighting systems therefore need to be
granted special attention. We will come back to this various times later in this thesis.
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Figure 2.5 Energy use breakdown of the average office building. Graph is based on data provided by (17).

2.2 NZEB Definitions
A clear and overarching definition of NZEB is lacking. However, a clear definition of the NZEB and
its goals are critical to the design process (11). As countries enact policies and base national
targets on the term of NZEB, a coherent and clear understanding of the NZEB concept is necessary.
Currently, the various applied NZEB definitions remain generic and are not yet standardized (18).
Without a standardized NZEB concept, the concept is likely to be used in a commercial manner
which may be partial or biased in their scope (19). For example, the definition may be limited to
only thermal or electrical needs in the balance, or allow buildings to achieve a NZEB status
without the application of relevant energy saving measures. In other words, whether or not
success can be claimed is dependent on the used NZEB definition. Therefore, this section
discusses the more comprehensive, clear and founded definitions of NZEB.
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2.2.1 Literature
Central in most NZEB definitions is the pursuit of the building to meet its energy demand from
renewable, non-polluting and locally available resources (11). These renewable energy sources
should cover or exceed the energy demands of the NZEB that remain after cuts in energy
requirement have been made through energy efficiency and conservation measures. As Torcellini
et al. (11) state, “a good NZEB definition should first encourage energy efficiency, and then use
renewable energy sources available on site”. A building can also achieve a NZEB status by the
supply of renewable resources off-site (outside the boundary of the building site), yet this brings
more challenges to maintain the NZEB status1. On-site generation of renewable resources is
therefore favorable. To enhance clarity, NZEBs that obtain their energy off-site will be referred to
as ‘off-site NZEBs’.
Despite the central concepts of renewable resources and energy conservation, different NZEB
definitions are possible. The NZEB definition depends on the project goals and values of the
building owner and the design team. There are four different well-documented and accepted
NZEB concepts that are frequently referred to in literature: Net Zero Site Energy (NZSE), Net Zero
Source Energy (NZScE), Net Zero Energy Costs (NZEC) and Net Zero Energy Emission (NZEE).
Table 2.1 summarizes these definitions. Supportive conceptual diagrams are presented in
Appendix I-IV.
Table 2.1 Different NZE definitions. (11)

Term

Definition

Net Zero Site Energy

A site NZEB produces at least as much energy on-site as
it consumes in a year, without externally generated
energy delivered to the site (except the grid).

(Appendix I)
Net Zero Source Energy
(Appendix II)

Net Zero Energy Costs
(Appendix III)

Net Zero Energy Emissions
(Appendix IV)

A source NZEB produces or purchases at least as much
renewable energy as it consumes in a year when
accounted for at the source. This includes the energy
used to generate and deliver the energy from a remote
location to the site, including conversion losses.
In a cost NZEB, the amount of money paid by the utility
to the building owner for the energy that the building
exports to the grid is at least equal to the amount of
money that the owner pays the utility for the energy
services and energy used over the year.
A net-zero energy emissions building produces or
purchases at least as much emissions-free renewable
energy as it uses from emissions-producing energy
sources.

As Torcellini et al. (11) explain, buying renewable energy off-site will likely result in little incentive to reduce
building loads. On-site generation of energy, however, is an incentive to reduce building loads and guarantees
long-term generation; the area outside of the building’s footprint could be subject to future development.
Additionally, transporting renewable energy from a remote location to the site has an energy-impact through
transportation and results in conversion losses – a less sustainable option compared to on-site energy
generation (8).
1
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2.2.2 This Research: The On-Site NZEB
As explained in the introduction (Chapter 1.5), the system boundaries of the NZEB concept in this
thesis have been set to the NZEB site. The on-site (NZSE) definition for NZEB has been chosen for
three main reasons. First, limiting renewable energy generation to the local site minimizes
conversion losses and the energy impact of transportation from remote locations. Second, the onsite NZEB allows for easy verification through on-site measurements and therefore enables
accurate performance tracking of the NZEB. Last, the on-site NZEB definition is least subject to
external fluctuations, and therefore provides the most repeatable and consistent definition (11).
After the building’s energy demand has been minimized through energy conservation measures
(Section 2.3.2.), the remaining energy demand should be supplied from on-site non-polluting
renewable resources (Section 2.3.3) with assistance of the electricity grid (Section 2.3.1). These
principles lead the NZEB definition as handled in this research (Box 1). This definition is
supported by a graph (Figure 2.6) and a conceptual diagram of the on-site NZEB (Figure 2.7).
Box 1: NZEB definition in this thesis.

In this research, a Net Zero Energy Building (NZEB) is a building in which the energy generated
by the building (integrated in the building or on the building site) is equal to or exceeds the
energy demand of the building (in kWh/yr.).

Figure 2.6 NZEB balance graph: on-site renewable energy generation should be equal to or exceed the energy
demand of the building (on an annual basis).

Figure 2.7 on the next page is a schematic representation of the on-site NZEB as defined in this
research. Most NZEBs need energy from the grid to be able to operate (Section 2.3.1.1 further
elaborates on grid connection). Although the energy grid can be relatively clean (this will be
illustrated by one of the case studies), imported energy from the grid usually contains fossil fuels;
hence the purple arrow. On-site, renewable energy is generated that equals or exceeds the energy
demand of the building. Energy conservation measures are therefore critical. HVAC and lighting
systems demand most energy in office (and most other commercial) buildings, and therefore
these systems require special attention when designing for low-energy systems. Surplus energy
that remains after consumption by the building (building systems, energy generation and system
losses and conversions) is transported back to the grid.
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Figure 2.7 Conceptual diagram of a NZEB and energy flows. The dashed lines represent energy flows within
the building site. The solid lines represent energy flows to and from an off-site location (the grid), but directly
interact with the site. Interpretation of diagram developed by (6).

2.3 NZEB Energy Principles
The following sections elaborate on the basic energy principles of NZEBs: grid connection, energy
conservation (passive and active) and renewable energy systems (RES).

2.3.1. Grid Connection
As stated before, NZEBs are supposed to meet their energy requirements from non-polluting and
renewable resources. However, achieving a NZEB status without using the energy grid is
complicated (11). Most NZEBs are therefore connected to the energy grid. When the building’s
(renewable) energy production exceeds the building’s energy demand, the excess energy is
exported to the utility grid. This excess energy production delivered to the grid offsets periods of
excess demand; hence resulting in the net zero energy consumption (see Box 1).
Without grid connection, excessively generated renewable energy can therefore not be used to
offset later energy use. Rather, it would be wasted due to lack of storage technologies of
renewable energy. Grid connection is therefore inevitable for NZEBs - at least until technology
advances and allows for renewable energy storage. The energy grid usually consists of electricity,
district heating and cooling, natural gas, biomass and other fuels. Therefore, dependent on the
composition of the local grid, energy grid supply does not necessarily have to be polluting.

2.3.2 Energy Conservation (Passive) and Energy Efficiency (Active)
Saving energy is almost always easier and cheaper than producing energy (11). There are two
main ways to reduce the building’s energy demand: maximize energy conservation through
passive systems, and energy conservation through maximizing the energy efficiency of active
systems. In most literature on NZEB, passive energy conservation measures (ECMs) are
incorporated under energy efficiency. However, in this thesis I have made a distinction between
passive energy conservation and active energy conservation. The latter is most commonly
referred to as energy efficiency.
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Passive energy conservation (e.g. daylight optimization and building insulation) means that less
energy is required in the first place. Energy efficiency, on the other hand, means that active
systems (all systems that require energy to operate, e.g. artificial lighting) are designed to operate
with the least amount of energy possible. This distinction between passive energy conservation
and active energy conservation (energy efficiency) has been made to demonstrate the preference
that should be granted to optimize passive design first, and rethink active systems later (See
Chapter 4.1.1.1). Figure 2.14 demonstrates the relative savings (financial and environmental) of
passive and active ECMs.
2.3.2.1 Passive Energy Conservation
To minimize a building’s energy demand and carbon impact, passive systems are the most
effective way of saving energy (8,15,20–22). Passive control measures utilize the forces of nature,
and therefore optimize the use of ‘free’ energy. Figure 2.3 showed that most energy in office
buildings is used for HVAC systems and lighting systems. The energy demand of these systems is
unlikely to be covered entirely by passive design, yet the optimization of passive solutions can
substantially lower the energy demand of active systems.

Figure 2.8 The relation between environmental benefits and implementation costs of active and passive
systems. Adapted from (21).

To reduce the energy demand of HVAC systems, insulation of the building’s envelope is a first step
to reduce the heating and cooling demands of a building. In commercial buildings (office buildings
included), space heating requires the most energy of all other energy end-uses in buildings
(Figure 2.2). Passive solar heating2 is another example of a passive solution to reduce heatingrelated energy demands. Passive ventilation measures include wind-driven ventilation,
buoyancy-driven ventilation (driven by forces from temperature differences) and night cooling
ventilation. An example of passive air-conditioning is the humidification of the air in a building
through building-integrated vegetation and water bodies in the building (for an example, see
Chapter 6.1).

Passive solar heating usually involves collecting solar energy through the proper orientation of the building
and its windows, storing this energy in thermal mass with a high heat capacity (e.g. concrete) and the natural
distribution of this stored solar energy back into the living space. https://www.wbdg.org/resources/passivesolar-heating
2
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The energy demand for lighting loads can be passively reduced first and foremost through the
optimization of daylight. Choosing the orientation, form and fabric of the building to optimize
daylight already passively reduces the energy demand for lighting. More detailed passive lighting
measures include lighting blinds3 and light ducts. See Appendix II for an illustration of how
passive lighting can be optimized.
These are only a few examples of passive measures that require little energy and little investment,
to generate substantial energy savings and environmental benefits. Box 3 below provides a
definition for passive energy conservation as handled in this research.
Box 2 Passive energy conservation definition in this thesis.

Passive energy conservation entails the utilization of natural forces (e.g. sunlight and airflow)
and optimization of the building’s design (predominantly insulation of the envelope) to not
require any energy besides ‘free’ natural energy to operate. Integration of passive systems
diminish the energy demand of active systems, therefore leading to energy conservation.

2.3.2.2 Active Energy Conservation – Energy Efficiency
Active systems are all building systems that require energy to operate. Active systems therefore
also entail systems and appliances that are aimed at energy conservation, but require energy to
do so. Solar power generation systems, storage batteries and geothermal air-conditioning
systems are therefore included in active systems. Lighting, plug loads, computer systems and
other equipment and installations are also part of the active building system. Increasing the
energy efficiency of these systems (predominantly HVAC and lighting loads in offices) to conserve
energy is an essential component of NZEB design.
Various definitions of energy efficiency exist. According to UNIDO, the energy efficiency of a
building is “the extent to which the energy consumption per square meter of floor area of the
building measures up to established energy consumption benchmarks for that particular type of
building under defined climatic conditions” (23). Although this definition allows for statements on
the energy efficiency of a building, it does not yet capture the essence of what energy efficiency
entails. It does, however, introduce the concept of Energy Use Intensity (EUI) – a widely used
metric to assess a building’s energy efficiency. EUI is calculated by dividing the (annual) energy
demand of a building by the building’s floor area. Using EIA as an efficiency indicator, however,
contains flaws: it allows low-energy buildings to be easily confused with energy efficient
buildings, and high-energy buildings to be easily confused with inefficient buildings (24). In
Chapter 8.1.1, I address other critical remarks to the use of EUI as an energy performance
indicator to compare buildings.
Meier et al. (24) therefore believe that a building can only be defined as being energy efficient if
it contains the following elements:
- The building must contain energy-efficient technologies that effectively reduce energy use,
when operating as designed;
- The building must supply features appropriate for that kind of building; and
- The building must be operated in such a manner as to be efficient (evidence of this is low
energy use relative to other similar buildings).
Lighting blinds are special blinds in which natural light passes through the window and is dispersed in such
a way that it brightens the room.
3
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Simpler and more general definitions of energy efficiency as found online are:
- Energy efficiency means using less energy to provide the same service4;
- Energy efficiency is the goal to reduce the amount of energy required to provide products and
services5; and
- Energy efficiency is using less to provide the same level of energy service6.
Hieminga (25) defines energy efficiency as “using less energy for a constant service”, which
complies with the more general definitions provided above. To emphasize the difference between
energy efficiency (active ECMs) and passive ECMs, Box 3 below presents the definition of energy
efficiency as handled in this research.
Box 3 Definition of Energy Efficiency in this research.

Energy Efficiency (active energy conservation) is defined as the application of energy-use
optimizing technology that lead to a substantial reduction in energy end-use, by getting the most
out of every unit of energy bought/generated.
An indicator for energy efficiency is the annual energy use of a building per square meter of the
building. (kWh•yr-1 / m2). This is also referred to as energy use intensity (EUI).

2.3.3 Renewable Energy
After the building’s energy demand has been minimized through the application of ECMs, the
remaining energy demand of a NZEB needs to be covered by renewable energy sources. The onsite definition of a NZEB as handled in this research entails that renewable energy needs to be
generated on the building site. This definition also allows for the import of off-site renewable
energy sources, as long as they are used to generate energy within the building site. Renewable
energy can be generated on the building site (e.g. on the parking lot), or renewable energy
systems (RES) can be integrated into the building.
The most common on-site renewable energy generation systems include photovoltaic (PV)
panels, solar water heating, ground source heat pumps and wind turbines (11). Wind turbines,
however, need specific planning permission and can only be established if the site is large enough
and noise and visual complications have been taken into consideration. Solar energy is one of the
most important renewable energy sources in NZEB (8). Design considerations related to PVpanels are the building’s orientation (large southern exposure in the Northern Hemisphere and
northern exposure in the Southern Hemisphere), site layout, shading (e.g. from other structures,
especially in the urban context) and the tilt of the PV system (26). Off-site renewable energy
sources include wood pellets, ethanol and biofuels. These are imported to the NZEB from off-site
locations, yet they are used to produce energy on-site (27). This energy is mainly used to provide
space heating and water heating.
The final option for renewable energy is to purchase “green credits” or renewable sources such
as wind power or utility PV systems that are available to the electrical grid. This does, however,
not comply with the on-site NZEB definition as set in this research. Torcellini et al. (11) provide a
ranking for renewable energy sources in Table 2.2 on the next page. For the NZEB definition in

https://www.theguardian.com/environment/2012/jun/08/energy-efficiency-carbon-savings
https://en.wikipedia.org/wiki/Efficient_energy_use
6 http://definedelectric.com/efficient-energy-use/
4
5

23

this research, options 0-2 are required, option 3 can be considered and option 4 falls outside of
the on-site NZEB definition.
Table 2.2 Ranking of preferred application options of (renewable) energy sources (11).

Option
Number

NZEB Supply-Side Options

Examples

0

Reduce site energy use through lowenergy building technologies

Daylighting, high-efficiency HVAC
equipment, natural ventilation,
evaporative cooling, etc.

On-Site Supply Options
1

Use renewable energy sources
available within the building’s
footprint

PV, solar hot water, and wind
located on the building.

2

Use renewable energy sources
available at the site

PV, solar hot water, low-impact
hydro, and wind located on-site,
but not on the building.

Off-Site Supply Options
3

Use renewable energy sources
available off-site to generate energy
on site

Biomass, wood pellets, ethanol, or
biodiesel that can be imported
from off-site, or waste streams
from on-site processes that can be
used on-site to generate electricity
and heat.

4

Purchase off-site renewable energy
sources.

Utility-based wind, PV, emissions
credits, or other “green”
purchasing options. Hydroelectric
is sometimes considered.

2.4 The political context of NZEB
Discussing NZEB in the political context is valuable to understand the political implications and
challenges that surround NZEB. The most significant challenge to NZEB-related policy formation
and implication is the lack of a universally accepted definition of the NZEB context (18,19,26).
With NZEB being a concept open for varying interpretations, regions currently diverge in their
interpretations of factors such as energy supply and demand, the NZEB boundary (on or off-site)
and minimum performance requirements. In turn, these varying interpretations are affected by
existing building codes, laws and regulations.
The lack of a universally accepted NZEB definition is therefore problematic. However, NZEBs are
highly context-specific and inevitably require a local approach to be viable. NZEB-related policy
development encompasses a wide range of factors specific to the region of jurisdiction. These
include the available technologies, economic viability and the impacts on the regional electricity
grid (28). National and regional policies for NZEB would therefore be the most effective legal
instruments. However, as Attia (8) notes, national authorities lack strategies and local authorities
lack governmental support to create an infrastructure for the implementation of NZEBs. This
illustrates the complexity of NZEB-related policy development.
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The EU and U.S. have developed policies and strategies to achieve a low-energy built environment
which will shortly be discussed. To further complicate NZEB policy implementation and NZEB
market uptake on a global scale, the EU and U.S. differ in their approach to NZEB. These
differences complicate the evaluation of global progress towards NZEB and create confusion for
other countries that are considering to set similar goals (28). The EU pursues ‘nearly Zero Energy
Buildings’ (nZEBs) and most commonly uses the zero source energy approach (Section 2.2.1). The
US on the other hand pursues ‘Net Zero Energy Buildings’ (NZEBs) and predominantly applies the
site-energy metric. Adding on, whereas the legal EU nZEB definition includes minimum energy
efficiency and renewable energy integration requirements, renewable energy requirements are
less prominently enforced in the U.S. To highlight a final difference before proceeding to discuss
EU and US policy separately in more detail, EU building codes have begun to shift to performancebased requirements whereas the U.S. codes remain predominantly prescriptive7.
Europe
The main legislative instruments that aim to improve the energy performance of buildings in
Europe are the Energy Performance of Buildings Directive (EPBD 2010/31/EU) and the Energy
Efficiency Directive (EED 2012/27/EU), supported by the Directive on renewable energy sources
(209/28/EC), the Directive on eco-design (2009/125/EC) and the Energy Labeling Directive
(2010/30/EU). Member states are to transpose and integrate these directives into their national
policies. The EPBD 2010/31/EU substituted the first EPBD (2002/91/EC) that was developed
and entered into force in 2002. EPBD 2002/91/EC was inspired by the Kyoto Protocol,
committing the EU and its member states to binding emission reduction targets. The introduction
of energy efficiency requirements in national building codes by these directives resulted in new
buildings today to consume only half as much as typical buildings from the 1980’s (29).
Most importantly in the light of this thesis, EPBD 2010/31/EU requires all new public buildings
to be nZEBs by the 31st of December 2018, and all other new buildings to be nZEBs by 31
December 2020. The definition of a nZEB is presented in Box 4. Although this definition remains
rather generic, the EPBD targets to guide member states on how to interpret nZEB requirements,
develop a common reporting format for nZEB, and evaluate the measures and activities reported
by member states in their national plans (6,8). The Directive also requires energy performance
certificates to be issued when a building is sold and rented, inspection schemes for HVAC systems
to be established by EU countries, and cost-optimal minimum energy performance requirements
to be set for new buildings and renovations by member states.
Box 4 Nearly zero energy building definition as provided by the European Commission.

A nearly zero energy building “means a building that has a very high energy performance, as
determined in accordance with Annex I8. The nearly zero or very low amount of energy required
should be covered to a very significant extent by energy from renewable sources, including
energy from renewable sources produced on-site or nearby.” (6)

EPBD 2010/31/EU was recently amended by the introduction of Directive (EU) 2018/844.
Directive (EU) 2018/844 contains targeted amendments to the current Directive (2010/31/EU)
A prescriptive code requires that each component of a building is built to a certain standard. A performance
code requires that the building as a whole performs to a certain standard (6).
8 Annex I states: “The energy performance of a building shall be determined on the basis of the calculated or
actual annual energy that is consumed in order to meet the different needs associated with its typical use and
shall reflect the heating energy needs and cooling energy needs (energy needed to avoid overheating) to
maintain the envisaged temperature conditions of the building, and domestic hot water needs.” (6)
7
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to accelerate cost-effective renovation of the existing building stock. The amendment requires
member states to establish stronger long-term strategies to reach the objective of a decarbonized
building stock in 2050.
The EPBD now incorporates the promotion of smart technologies in buildings, increased support
for e-mobility (electric transportation), promotion of health and well-being of building users and
requires EU countries to express their national energy performance requirements to allow for
cross-national requirements. Besides the aim for a decarbonized building stock in 2050 and the
nearly zero energy requirements, the incorporation of smart technologies and attention for
indoor environmental quality (IEQ) are especially relevant in the light of this research.
United States
The U.S. Department of Energy (DOE) established the goal to create the technology and
knowledge base for cost-effective net zero energy commercial buildings in all US climate zones
by 2025. This, of course, entails a significantly different legal requirement as opposed to the
EPBD’s legal enforcement to establish nZEBs on a short time span. DOE’s National Renewable
Energy Laboratory (NREL) does not provide one definition for a NZEB, but draws upon the four
NZEB definitions that have been presented in Section 2.2.1 (the site NZEB, source NZEB, cost
NZEB and Net Zero Energy Emissions Building). The NREL review of these definitions concluded
that the site NZEB definition is the best NZEB definition for the United States (28). Although the
U.S. DOE set the goal to achieve commercial NZEBs by 2025, the U.S. does not impose legally
binding NZEB targets or goals. On state and local levels, however, non-binding NZEB goals have
been established. Despite non-binding policy on NZEB in the United States, the number of verified
or emerging NZEBs has increased drastically over the past six years, from 60 in 2012 to 500 in
2018 (10).
Summary
To summarize this section on the political dimension of NZEBs, the main conclusion is that
developing NZEB-related policy is complicated and requires a national, regional and/or local
approach. A common definition of NZEB is necessary to prevent open interpretation of the
concept, which is likely to jeopardize the genuinely sustainable NZEB definition through
economic or commercial influences. However, with NZEBs being highly context-specific, a
universal definition that can be translated to applicable practical measures is unachievable.
Incorporating NZEB definitions and strategies in national or regional policies is therefore
essential.
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2.5 Understanding NZEB - DPSIR Framework
To better understand NZEB and its larger context, a DPSIR framework is presented below (Figure
2.9). The DPSIR framework is useful to illustrate the interactions between our society and the
environment. The DPSIR framework presented below is based on the issues related to the current
building sector and the necessary responses to minimize the negative effects of an unsustainable
building sector. This framework therefore illustrates the importance of NZEB and other related
sustainable practices. This framework has been developed in the end phase of this study.
Therefore, the Response section is likely to be better understood by the reader after reading the
results and conclusions. Nonetheless, understanding the challenges associated with the
conventional building industry in this larger context is valuable to understand the importance of
NZEB and contextualize the findings presented in this study.

Figure 2.9 DPSIR Framework for NZEB.
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Chapter 3 Methods
This chapter describes the methodology that has been applied to identify best practices in NZEB
project development. To fulfill this aim, this research is divided in three different qualitative
research methods. First, a literature review has been performed to identify success and challenge
principles in NZEB (Chapter 4). This literature review is complemented by an exploration of
success principles and challenges in NZEB through expert interviews (Chapter 5). A case study
analysis of two large multi-story office buildings, a NZE-status building and an EE-HPB,
constitutes the third part of this research (Chapter 6). Finally, the results from Chapter 4, 5 and 6
synthesized to develop the Integrated Recommendation Framework in Chapter 7.

3.1 Literature Review
A literature review has been performed to answer RQ1 on the main successes and challenges in
NZEB projects as identified in literature.
The literature review serves to provide an initial insight in successes and challenges in NZEB
building, not exclusively limited to office buildings. The literature review, however, is limited to
commercial buildings only. This initial identification of success principles based on a literature
review serves as first input for the final the recommendation framework. Furthermore, the
comprehensiveness of existing literature on success and challenge principles in NZEB can be
tested by comparing the results from the literature review to the results of the expert interviews
and the case studies.
The goal of the performed literature review is threefold:
-

-

To provide success and challenge principles in NZEB projects, providing both me as the
researcher and the reader of this thesis with a contextualization of the topic;
To test the comprehensiveness of existing literature on best practices in NZEB projects by
comparing the results of the literature review to the best practices as identified in practice
based on expert interviews and the case studies; and
To serve as input to the final recommendation framework developed in Chapter 7.

A variety of scientific articles, books, and other literary texts on NZEB have been consulted and
analyzed to identify success principles and challenges in NZEB design and project development.
As literature on office buildings specifically has proven to be limited, the literature review also
incorporates literature on other (commercial) NZEB and other low-/no-energy impact building
projects. Literature has been scanned for factors that generally lead to success, challenges and
related lessons learned in NZEB that are useful to incorporate in future project development of
NZE (office) buildings.
For structural and clarity purposes, the literature review is divided in two main segments:
successes in NZEB (Chapter 4.1) and challenges in NZEB (Chapter 4.2). Chapter 4.1 is structured
according to the four building phases: the design phase, construction phase, operation &
maintenance phase, and the post-occupancy (demolition/disassembly) phase. The main
challenges that surround NZEB are overarching and interrelated challenges, and are therefore
not further categorized. The literature review concludes with Chapter 4.3 in which the main
success principles in NZEB as identified in literature are synthesized and presented a first
recommendation framework.
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3.2 Expert Interviews
After the literature review, expert interviews have been conducted to answer RQ2 on success and
challenge principles as found in practice.
Expert interviews have been chosen to fill knowledge gaps that remain after the literature review,
to deepen the findings from the literature analysis and to further contextualize the successes and
challenges in NZEB in a practical light. This study responds to a practical and current issue that
demands action, and therefore empirical and qualitative research with experts in the field is
valuable. The interviews seek to describe and attribute value to central themes and specific
practices in NZEB projects. Although objectivity is pursued in most of this research, the subjective
values and opinions of experts in the field are valuable. Whereas the literature review extensively
explored all successes and challenges that surround NZEB, expert interviews more effectively
allow key issues to be pin-pointed. The focus in the expert interviews has been on success
principles in NZEB project development. After all, the development of a framework with specific
recommendations for future NZEB project development is the end goal of this research.
Nonetheless, key challenges have also been discussed.
The expert interviews have been conducted in a semi-structured/half structured format. This
format has been chosen because this research is explorative and seeks for open interpretation of
questions to discuss key issues as experienced by the experts. However, specific questions and
specific topics needed to be discussed to allow the results to be comparable. As the interviews
have been dependent on the course and situation of each individual interview, they are regarded
as open or qualitative interviews (30).
A preliminary structure of the interviews has been developed prior to conducting them. The
interviews have been loosely structured based on four main questions, corresponding with the
four stages of a building project:
-

What are successful practices in the design phase of a NZEB project?
What are successful practices in the construction phase of a NZEB project?
What are successful practices in the operation and maintenance phase of a NZEB project?
What are successful practices in the post occupancy phase of a NZEB project?

A total of seven experts have been interviewed. These experts have been selected based on their
experience in NZEB project development, construction, operation or scientific NZEB knowledge
possession. Refer to Appendix III for an overview of the interviewees, their current function,
background and expertise. The results of the expert interviews are presented in Chapter 5, and
have been integrated and synthesized to develop the second recommendation framework.

3.3 Case Study Analysis
The case study analyses have been performed to answer RQ3 and RQ4 on best practices in the
project development of Manitoba Hydro Place (Winnipeg) and The Edge (Amsterdam).
The case study analysis of two successful (energy efficient and robustly performing) large multistory office buildings contextualizes the results from the literature review and the expert
interviews with practical examples. Moreover, the large energy demand of particularly office
buildings (as compared to other commercial buildings) and the knowledge gap on how to achieve
multi-story NZEBs make the case study analysis a valuable research method.
The first step in performing the case study analyses has been the selection of two large-scale
multi-story NZEB office buildings. As there is an extremely limited amount of large-scale multistory NZE office buildings in the world – depending on the definition used, one might conclude
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that there are currently none – the selection of the two office buildings has been relatively easy.
Although Manitoba Hydro Place is not a NZEB, it is one of the most sustainable, energy-efficient,
clean and state-of-the-art sustainable multi-story office buildings in the world.
After an initial exploration of the two projects, interviews have been held with experts who have
been involved in the project development of the buildings. For Manitoba Hydro Place, only one
expert (M.P.) has been interviewed, in two 1-hour interview sessions. For The Edge, two experts
have been interviewed (T.S. and E.U.). These interviews largely followed the structure of the other
expert interviews, although the questions were targeted at the specific building rather than
general principles.
Besides these semi-structured interviews, available documents (both actively gathered through
desk research and asked for during the interviews) on the projects have been analyzed, which
allowed for an in-depth discussion of the projects. The main success principles of both case
studies have been integrated to a third recommendation framework, serving as the last input for
the final recommendation framework.

3.4 Integrated Recommendation Framework
The success principles that resulted from the literature review, expert interviews and case study
analyses have been synthesized and put together in the final recommendation framework to
answer the main RQ of this study: What are best practices in NZEB that are to be taken into account
in future project development?
Together with the identification of core-best practices in NZEB project development, presented
in the conclusion, the recommendation framework is the end result of this thesis. The aim of the
framework predominantly is to facilitate project developers to make informed decisions. The
framework can be consulted to enhance the chance of successful NZEB-project delivery, both now
and in the future. It can be consulted to lay out the principles for future projects and/or serve as
a checklist for existing NZEB projects.
It has become evident in this study that the transformation of the building sector is urgent, yet
there is a lack of knowledge and grip on how to mobilize and achieve a low-energy and NZE built
environment. The Integrated Recommendation Framework identifies and combines the success
principles as identified in the literature research, expert interviews and case studies into best
practices in the project development of NZEBs. The framework is complemented by the core- best
practices as identified in the conclusion. Together, they provide a solid basis for successful NZEB
project development and delivery.
In accordance with the results of Chapter 4, 5 and 6, the final recommendation framework has
been structured according to the four phases of a building’s life cycle. The framework is presented
in the format of a table. The methodology behind the framework development is rather simple:
no new results are gathered nor presented in the framework. Rather, the framework combines
and presents the previously identified success principles into best practices. In the framework, a
symbol indicates in which sources the practice has been named in this study. Te practices with all
three symbols (literature, interviews and case studies) can therefore be regarded as the most
robust best practices. The best practices in the Integrated Recommendation Framework are
complemented by the identification of core-best practices in Chapter 9.
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Chapter 4 Literature Analysis
The realization of successful, well-performing and robust NZEBsis a complicated task. The
practices and technologies related to building for energy neutrality or ultra-energy efficiency are
relatively new and therefore, experience is lacking. NZEBs are highly complex by nature: they
need to be extremely energy efficient, incorporate renewable energy systems (RES), demonstrate
a stable energy performance despite uncertainties related to occupant behavior and climate, be
adaptable, maximize sustainability also in material use and deconstruction practices – all whilst
providing the building’s occupants with comfortable Indoor Environmental Quality (IEQ). This is
just a first glimpse into the complexity that inevitably surrounds NZEB projects.
The aim of this chapter is to provide the reader with insight in the complexities that surround
NZEB project development and offer a roadmap with successful practices that increase the
likelihood of successful NZEB project development. To fulfill this aim, this chapter presents
findings from scientific literature and provides an answer to RQ1. As RQ1 addresses both
successes and challenges, this chapter is split out in two subchapters: Chapter 4.1 elaborates on
successful practices in NZEB as identified in literature. Chapter 4.1 is subdivided with regard to
the design phase of the building (Section 4.1.1), the construction phase (Section 4.1.2), the
operation and maintenance phase (Section 4.1.3) and the post-occupancy phase (Section 4.1.4).
After successful practices have been discussed, the main challenges in NZEB are presented in
Chapter 4.2. Chapter 4 concludes with a an elaboration on and presentation of Framework I, in
which success principles for NZEB are presented as identified in literature.

4.1 Success principles
As it is the end goal to develop a recommendation framework and identify core-best practices in
NZEB project development, the following pages until Chapter 4.2 list and discuss successful
practices related to NZEB as found in literature. The four building stages according these
practices are structured are not mutually exclusive; rather, they are inevitably connected. Most
emphasis, however, is on the design phase as this is where the fundamentals for the project are
laid out. Decisions made in the design phase largely determine the form and success of processes
in the construction, operation and maintenance, and the post occupancy phase of a building. On
the other hand, lessons learned in all building stages serve as feedback into the design phase for
future NZEB design. The success principles as listed in this chapter are predominately process
based, aimed at the facilitation of future NZEB project-development.

4.1.1 Design
The design phase is extremely important for the development of successful NZEB projects.
Decisions made in the design phase of a building largely determine the performance of the
building. Hawken et al. (31) state that whereas the design of buildings is estimated to be only 1%
of the total lifecycle cost of buildings, appropriate design can reduce over 90% of the lifecycle
energy costs of the building. Therefore, a critical analysis of success principles in the design phase
of a NZEB as identified in literature starts here. This section guides us through the essential
components of successful NZEB design, starting with the establishment and critical evaluation of
the building’s energy concept.
4.1.1.1 Energy concept
An important step in the early design phase of a NZEB is to determine the energy concept. The
first step of this process is to lay down the basic principles of a NZEB. As a starting point for NZEB
design, trias energetica (Figure 4.1) can be considered as a rule of thumb for sustainable design.
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The three steps are (32):
1) Reduce the energy demand of the building through implementing energy conservation
measures (ECMs) and avoid waste;
2) Use sustainable energy sources; and
3) Efficiently use remaining fossil fuel energy demand, and use the cleanest possible form of fossil
energy.

Figure 4.1 Trias Energetica Concept

Figure 4.2 NZEB design principles (8)

This concept of trias energetica is widely accepted. Attia et al. (26) draw upon this three-step
approach more specifically for the design of NZEBs. They state that the design process involves
an integrative approach aimed at three main steps. Firstly, the building’s energy demand must be
reduced, especially through optimization of the building’s envelope and through the integration
of passive heating and cooling techniques. Secondly, the energy efficiency of the active systems
needs to be improved. Finally, the energy demand that remains after energy saving and passive
measures have been applied must met through the incorporation of renewable energy sources.
Attia further developed these principles of NZEB design in his most recently published book. He
presents four energy-related principles that should be at the heart of each NZEB design. These
principles are presented in Figure 4.2 above. They are (8):
- Energy Efficiency (EE): reduce the energy demand for all systems and installations (HVAC9,
DHW, auxiliary energy, lighting and appliances);
- Indoor Environmental Quality (IEQ): improve IEQ allowing for maximal thermal comfort and
to avoid overheating
- Renewable Energy Systems (RES): fixing a percentage of renewable energy, and amend
additional measures to address energy matching and storage issues; and
- CO2-reduction: reduce the overarching value for primary energy consumption and carbon
emissions per year, and amend additional measures to address mobility and materials’
embedded energy mass.
Akadiri et al. (15) complement these principles for NZEB design and emphasize the importance
of material choice and construction methods to minimize embedded energy, grant specific

9

As we have seen in Figure 2.3, HVAC systems currently use most of an office building’s energy.
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attention to the insulation of the building’s envelope, design for low energy intensive
transportation and optimize passive energy design.
Energy Conservation Measures
The energy efficiency of new buildings determines the building sector’s energy consumption
for far longer than other end-use sectors components (33). The energy concept of a NZEB in its
simplest form should therefore first of all drastically reduce the buildings energy demand through
the application of ECMs. The optimization of passive systems, the building’s envelope and HVAC
systems require special attention in this step. After this has been done, active systems need to be
rethought and improved and the remaining energy demand needs to be covered by RES as much
as possible (8,22,26). When the use of fossil fuels is inevitable to cover the last remaining energy
demand, they should be covered by non-renewable energy sources from the cleanest possible
kind with the least amount of embedded energy (34). Upon laying out these basic energy
principles for NZEB design, specific attention must be granted to IEQ as well. The NZEB principles
(EE, IEQ, RES and CO2) practically summarize these steps. These principles need to be coupled to
measurable thresholds and performance indicators, introduced later in this chapter, to evaluate
the building’s performance (8,35).
The optimization and integration of passive systems is of critical importance as it is the most
efficient energy conservation strategy (34). Examples of passive design features have been
discussed in Section 2.3.2.1 and are not discussed in detail in this section. However, it is important
to note that one of the first steps in NZEB design would be to lay down the building’s shape and
orientation to maximize passive energy (predominantly solar) gains (8,34,35). Optimization of
the site potential is a first and crucial element with regard to energy efficiency and optimization
in NZEB design.
The design team often tends to focus on the efficiency of the building’s equipment such as plug
loads and lighting devices to optimize energy efficiency (35). However, upon designing for ultraenergy efficient buildings such as NZEBs, it is important to not only consider equipment efficiency
yet to incorporate the whole building performance efficiency and control systems (8,35,36).
Integrated automated control systems together with properly sized and installed HVAC systems
and renewable energy systems (RES) form the basis of highly efficient energy systems and load
operation (8). Passive design and a well-functioning envelope drastically reduce the need for
active HVAC systems. HVAC systems need to be accurately sized to cover the remaining energy
loads, and their efficiency needs to be maximized.
As last remarks with regard to energy efficiency, a critical look at the efficiency of PV-panels and
other RES should be taken into account (22). Additionally, efficiency measures must have good
persistence and their performance should be checked regularly to make sure they continue to
save energy (37).
Envelope
Enhancing efficiency and sustainability of the building’s envelope deserves special attention. The
envelope largely determines the energy demand of the building, and strongly influences IEQrelated factors as well (including thermal comfort, humidification and indoor air quality).
Improving the building’s envelope, especially through quality insulation10 (38), is therefore a key
element to design for energy efficient buildings (39). The main idea of optimizing the envelope is
to limit summer heat gain and winter heat loss, to prevent the corresponding heating and cooling
requirements from being excessive (40). Strong and Burrows (35) provide recommendations
Quality insulation does not necessarily always mean more or thicker insulation. Over-insulation could lead
to an overall increase of space conditioning demand. (40)
10
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that pertain to the design and construction of the building envelope; measures that optimize the
envelope whilst minimizing energy use. These are summarized in Table IV.1 in Appendix IV.
Heating and Cooling Balance
Another important factor with regard to the energy concept and according energy efficiency of a
building is the balance of heating and cooling energy needs. In heating-dominated climates
(meaning a colder climate), NZEB designers seek to use passive rather than active cooling design
measures as summer comfort conditions can relatively easily be met (8). Therefore, the largest
part of the design effort in heating-dominated climates can be concentrated on reducing the
energy need for heating with a single active conditioning system (optimizing size and costs). The
design of active and passive systems based on heating and/or cooling demand becomes more
complicated in mixed-mode or cooling-dominated climates. Potential conflicts between summer
and winter comfort objectives often demand the installment of both active healing and cooling
systems (41). Determining the heating-cooling balance based on the climatic context and
accordingly determining energy efficiency thresholds and passive/efficient active systems should
therefore be granted specific attention in NZEB design (8).
Modeling and Simulation
Modeling and simulation provide valuable tools for efficient building design, allowing designers
to make informed decisions. Building simulations allow for comparing alternate strategies
(thereby facilitating the designer with choosing between design options), can demonstrate
compliance with building codes or standards related to performance, and can be used to make
predictions on the building’s behavior in the future. Especially using models to compare
alternatives is an efficient way to design better buildings (35). Amongst many purposes, models
can be used to determine peak loads11, to accurately size HVAC systems, to design natural
ventilation systems, perform daylight and glare analyses, to optimize shading and glazing, to
inform design with extensive energy analysis, and to quickly and accurately assess the potential
of renewable energy generation early in the design process (8,35).
Building information modeling (BIM) allows for the virtual design, construction and operation of
a building. Through simulation of a building’s behavior, including seasonal variations and
changing occupancies, BIM enables exploration and optimization of the building (42). BIM
deepens the understanding of how a building works and performs and is therefore an important
tool to communicate what the building will look like before it is built. Most importantly, BIM
allows for better performance predictions (43). Moreover, Building Performance Simulations
(BPS) are essential to correctly design and validate robust performance of a NZEB (8); which
currently is a significant and complicated challenge (see Section 4.2).
A next step in building modeling and simulation is virtual design and construction (VDC). As
Fischer et al. (42) explain, VDC is the use of multidisciplinary building performance models that
allows for the testing of many alternatives leading to the selection of optimal solutions. In turn,
these need to be visually integrated by the team to build the integrated systems that make a high
performance building. VDC combines BIM and production management principles and is able to
Peak loads are crucial concepts for any building project with heating or cooling. The peak cooling load,
usually on the hottest day of the year, represents how much heat needs to be removed from each space to keep
it at a maximum temperature when the building is full of people. The peak heating load, on the other hand,
represents how much heat needs to be added to each space to keep it at a minimal temperature level (in turn,
this is almost always on the coldest day of the year). Peak load simulations are useful in the project design
because they are great proxies to determine whether certain times of heating/cooling design solutions are
likely to be feasible for the project, as well as the capacity requirements of the system. (89)
11
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predict not only the performance of the building, but also the performance of the project team (in
terms of costs, quality, schedule, energy use and more). This leads to the optimization of both the
building and the process of the establishment of the building (44); thereby being a valuable tool
for effective project development.
Besides modeling and simulations being important tools in optimizing a building’s performance,
the visualization of these simulations is important in the project development as it establishes the
same understanding of what is being built and how it is being built, and thereby facilitates
communication within the project team and with all relevant stakeholders (42).
Energy-optimized design
Strong and Burrows (35) identified five key steps that lead to maximum energy efficiency and a
clean energy supply. These steps broadly synthesize the findings from the previous paragraphs
regarding design considerations of the energy concept of a NZEB. The five steps, which largely
comply with the steps as identified by Hootman and Attia presented earlier in this section, are
summarized and presented in Appendix IV: Table IV.2. The steps are to first optimize site
potential, optimize the building’s fabric, integrate passive solutions first, enhance the efficiency
of active systems and meet the remaining energy demand through RES.
Attia (8) presents similar findings in his book. Attia emphasizes the importance of designing highperformance envelopes of NZEBs for maximized energy efficiency, a.o. through the downsizing of
active operation systems energy demands. Yet, drawing on the four NZEB principles he presented
(Figure 4.2), Attia also critically stresses the need for a fully integrated and iterative design
process to secure optimal indoor environmental quality (IEQ) as well high energy savings. This
relates to the importance of integrated design team and integrated project delivery, which will be
addressed later in this section.
4.1.1.2 Performance: Vision, Target Goals & Certification
Besides laying out the general energy concept for the NZEB, the clear formulation of the vision
for the building with clear performance goals and targets is essential to track and optimize the
performance of the building.
Vision, goals and targets
Every project organization must include all stakeholder perspectives to understand the business
objectives and translate them into project goals that are quantitatively or qualitatively
measurable (42). Although the importance of a clear formulation and definition of goals, targets
and metrics may seem obvious, Strong and Burrows (35) note that many major projects “fail to
specify and articulate the ones that are really important” and that only very few specifications
determine critically important metrics, e.g. the minimal thermal performance of the envelope.
The establishment of clear goals, targets and metrics provides guidelines for the projects
performance and, most importantly, allows for tracking and testing the performance of the
building according to performance principles laid out in the design (8,35). This, in turn, allows for
alterations to be made in the building’s systems if the building does not perform as required iteratively feeding back into the design. This makes target setting and, accordingly, monitoring
and evaluation critical components of managing activities in NZEB projects (15). Through the
clear establishment of metrics for success, progress can be quantified and adjustments can be
made to processes to reach the desired outcomes (35). To this we can attribute Peter Drucker’s
famous quote: “if you can’t measure it, you can’t improve it.”12

12

https://www.slideshare.net/AdamFitzGerald/what-metrics-matter-in-developer-relations
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Building Performance
In clear relation with setting goals and targets, there is scientific consensus on the importance of
actively tracking the building’s performance in an iterative manner. Strong and Burrows (35)
note that buildings are currently often devoid of performance metrics that could be used to
improve the building’s performance. The performance of a building over its entire lifetime begins
with its design parameters. Measuring performance in the design phase is important to make
alterations to the design if need be, and remains equally important in the construction and
operation and maintenance phase of the building. The adoption (and measurement) of wellchosen KPIs is extremely important to ensure that all aspects of the building operate optimally.
Setting key performance indicators (KPIs) is key to track and iteratively optimize a building’s
performance, and is therefore a crucial part of the design process of NZEBs(8,35). KPIs are not
only fundamental in the design phase and design review, but also during operation to ensure the
building performs as intended. Therefore, KPIs and other performance metrics and indicators
also play an important part of the monitoring and evaluation process in the operation and
maintenance phase of a building (see Section 4.1.3.4). The adoption (and measurement) of wellchosen KPIs is extremely important to ensure that all aspects of the building operate optimally;
even more so than the commitment to certification schemes (e.g. BREEAM or LEED). This is
further elaborated upon in Section 4.2.
Attia (8) identified seven performance indicators and accompanying metrics (Table IV.3 in
Appendix IV. By defining performance indicators and thresholds, design teams can verify and
assess NZEB designs starting from the early design phase and onwards. KPIs and thresholds
provide practical, evidence-based and quantifiable guidance in NZEB project development.
Building Performance Simulations (BPS) are a valuable tool to predict and incorporate
performance variability in the design of NZEBs to minimize performance deviations.
Strong and Burrows (35) emphasize that the adoption of appropriate metrics are able to
transform the overall energy and environmental performance of a building, as they ensure that
the design team “focuses on the really important issues: get the basic performance right and
secondary performance issues will generally also be addressed”. Strong and Burrows complement
the metrics and KPIs identified by Attia. These are presented in Table IV.4 in Appendix IV. W.
Edward Deming’s plan-do-check-act (PDCA) approach provides a useful framework related to
KPIs and performance tracking from design until the end of building operation. See Figure IV.1 in
Appendix IV.
4.1.1.3 Indoor Environmental Quality
“A building that makes claims to be sustainable, but does not provide superb working conditions for
the occupants cannot claim to be genuinely sustainable – optimizing the productivity, health, and
well-being of occupants is a key social sustainability objective and every bit as important as the
environmental, or economic sustainability considerations.” (35)
As we have encountered before, indoor environmental quality (IEQ) is a vital element of designing
high-quality NZEBs. Optimizing IEQ has many benefits, including the well-being and enhanced
productivity of building occupants and related financial benefits. A rule of thumb in the building
industry is the 1:5:200 ratio, which represents the proportional costs associated with initial
construction (factor 1), maintenance (factor 5) and business operating costs (factor 200). The
business operating costs are composed of the salary of the people working in the building.
Providing occupants with healthy and comfortable buildings to avoid sick-time and increase
productivity can therefore lead to significant financial savings (35). Five design considerations
are key to achieve exemplary standards of IEQ: thermal comfort, visual comfort, acoustic comfort,
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indoor air quality (IAQ), and biophilia. Predominantly the first four factors are important to
design healthy and comfortable NZE office buildings that allow for high productivity levels.
Thermal comfort
Thermal comfort is crucial for the health and well-being of the occupants of a building. Thermal
comfort is affected by environmental parameters (humidity, air flow, etc.) as well as personal
parameters (clothing, activity, etc.). It is the role of the building designer to design buildings in
such a way that it meets the occupants’ comfort needs. The specification of thermal comfort
objectives is fundamental to the design of a NZEB. Thermal objectives should be translated into
measurable indicators and incorporated in the definition and performance thresholds of a NZEB
(8). Overheating is a problem frequently experienced by NZEBs. Studies have shown that higher
temperatures lead to more decreased productivity rates (-6%) than lower temperatures (-4%)
(45). Providing thermal comfort to the building’s occupants is therefore a critical component of
NZEB office design. The specific recommendations by Attia (8) and Strong and Burrows (35) are
presented in Table IV.5 in Appendix IV.
Visual comfort
Visual comfort in a building is mostly concerned with the provision of an adequate amount and
quality of light, in combination with pleasant views. Lighting affects comfort, mood, safety, health
and productivity. Poor light intensity and distribution, glare and light patches tend to have
negative effects on the well-being of occupants (8,35). Applying climate-based daylight
performance indicators and modeling is therefore important in the design phase of a NZEB (8).
Attia states that windows must be sized to fit the purpose of how they are used and should allow
for functional views. Additionally, he addresses the importance of glare-control devices (blinds,
shades, moveable screens, etc.) which must be operable by the buildings occupants (8).
Strong and Burrows (35) emphasize that design decisions related to visual comfort have to be
made bearing long-term considerations in mind. In a similar fashion to thermal comfort
considerations, they address several factors that need to be considered whilst designing for visual
comfort in a building. There are presented in Table IV.6in Appendix IV. Besides daylight being
beneficial for the well-being of occupants, optimizing daylight and enhancing the efficiency of
artificial lighting systems (e.g. through movement sensors) is an important step in reducing the
energy demand of office (and other commercial) buildings.
Acoustic comfort
Effective acoustic design is important to enhance occupant comfort and productivity. Office
spaces need to be sound-insulated to allow occupants to concentrate, and allow for
communication in public work spaces. Findings from Attia (8) and Strong and Burrows (35) have
been summarized and are presented in Table IV.7 in Appendix IV. Incorporating acoustic comfort
in NZEBs is important to reduce occupant complaints and allow them to work effectively,
especially in office buildings.
Indoor Air Quality
A study by the World Green Building Council in 2014 demonstrated that productivity can increase
with 8-11% as a result of improved indoor air quality (46). Indoor air quality (IAQ) is measured
based on CO2 levels, pollutant levels, and ventilation. Acceptable IAQ is defined as air without
contaminants at harmful concentrations (as determined by cognizant authorities), to which 80%
or more people exposed do not express dissatisfaction (47). Ventilation plays a crucial role in
providing adequate IAQ. Providing sufficient IAQ is important as pollutant concentrations in
indoor air can increase quickly regarding the often limited size of indoor spaces, which can have
a negative impacts on the well-being and health of occupants (46,48). A common standard of IAQ
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is currently lacking. However, Attia (8) and Strong and Burrows (35) again address several
recommendations to incorporate in the design process of a NZEB to optimize indoor air quality.
These are presented in Table IV.8 in Appendix IV.
Biophilia
Besides aesthetic advantages, the incorporation of building-integrated vegetation provides
several advantages. Green roofs, for example, provide high levels of evaporative cooling and
reflect higher levels of solar radiation as compared to conventional roofs (49). Relatedly, green
infrastructure reduces the urban heat island effect (50) and can serve sustainable water drainage
systems. Creating vegetating walls can be done through the incorporation of climbing plants or
vines inside the building. Biophilia might be considered as the least important key in achieving
IEQ (as compared to thermal, visual and acoustic comfort and IAQ), yet can significantly
contribute to the occupants’ experience of the building. Figure 4.3 below illustrates examples of
biophilic design integration.

Figure 4.2 Examples of biophilic interior design.

Figure IV.2 in Appendix IV graphically summarizes the five key IEQ-factors and measures that
need to be taken account in the project development of NZEBs to provide occupants with a
healthy, comfortable and productive environment.
4.1.1.4 Integrated Project Delivery (IPD), Integrated Design Process (IDP) and Integrated
Project Team (IPT)
Integration of many aspects is of critical importance in the project development of a NZEB. This
includes the integration of (smart) metering, renewable systems and energy management (51),
the integration of building information systems (8), and integrated project delivery and
integrated project teams (8,35,42). These components all fall under the integrated design
approach (discussed under ‘design approaches’), which is fundamental in the design and
successful delivery of NZEBs.
The complexity associated with the design and execution of NZEB projects stretches beyond the
capacity of individualistic approaches. In the conventional process of project delivery different
people enter into a project in different phases, and often only take responsibility for what falls in
their area of expertise or responsibility (42). Designers and engineers are concerned with
planning and design, contractors are merely concerned with construction, and the building
owners are left with the outcome; often an underperforming building that may not even meet the
need of the owner (35). This linear process is unlikely to create a building that is optimized as a
system (52), which is key in successful NZEB development.
Accordingly, Strong and Burrows (35) provide experiences of practitioners stating that producing
and delivering a genuinely sustainable building is impossible when conventional approaches to
building design, construction and operation are adopted. In an Integrated Project Delivery (IPD)
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process, the design team and all building systems and components are integrated and connected.
The IPD process is iterative, synergetic and is based on the whole-system approach for the entire
life cycle of the building (35,53). See Table IV.9 in Appendix IV for an overview of the key
differences between the integrated and conventional approach to project design.
IPD is a highly efficient and key element in successful NZEB design and delivery. Early on in the
Integrated Design Process (IDP) the Integrated Design Team (IDT) gets together, attend
workshops and charettes and define the goals and responsibilities for going forward together. As
stated by the Commission on Environmental Cooperation [CEC] (52), IDP leads to greener
buildings through system efficiencies, less waste through better coordination and a reduced risk
of cutting green features when budgets get tight through increased cost predictability.
Adding on, IDP also leads to financial benefits for the building owner as construction costs are
weighted from the beginning, fewer changes have to be made later in the design process (see
Figure IV.3), fewer requests for information and change orders have to be placed, and embedded
contingencies and variable costs are reduced (52). The IDP typically consists of seven stages,
summarized in Table IV.10 in Appendix IV.
As noted by Wilson (54), IPD generally requires more time in the early decision making process.
However, IDP will result in fewer changes to be made later in the process when changes become
more expensive. In the early design phase, the ability to affect the project positively is the highest.
This is summarized in Figure IV.3 in Appendix IV.
Integrated Design Team
A key component of IPD is the Integrated Design Team (IDT). In a multidisciplinary IDT, different
areas of expertise promote synergies and are likely to stimulate innovation and adaptive capacity
(8). The lack of experience and know-how of NZEB as it is a relatively new concept is a substantial
problem in delivering successful NZEBs, and therefore the IDT is essential. As Attia (8) states, the
first point to achieve success in a NZEB project is to set key milestones, deliverables and
responsibilities. These responsibilities are attributed to design team members and are unified by
the team behind the performance-based NZEB target. In an IDT, all key stakeholders involved in
the building process (architects, constructors, contractors, engineers, building owners, clients,
etc.) are unified in a single team and remain united from the beginning to the end of the project.
The collaborative, multidisciplinary and integrated team, working with an integrated design
process, is able to deliver highly efficient, well-performing, sustainable buildings (35).
In an IDT, the conventional hierarchical approach to the design team is replaced by a core team
that includes the client as an actively engaged team member throughout the entire process.
Strong and Burrows (35) emphasize the importance of the IDT facilitator – a team member that
needs to have facilitation, organizational and interpersonal skills to manage the integrated
processes and resolve conflicts. In the conventional design team, the client’s primary contact is
the architect, who in turn coordinates the other team members (see Figure IV.4 in Appendix IV).
In an IDT, the core team consists of the client, the architect, the contractor, the project manager,
the IDP facilitator, a cost consultant and a prime consultant team. The core team is closely
interlinked and supported by specialist consultants (see Figure IV.5 in Appendix IV).
By means of integration of reviewed literature, Table IV.12 in Appendix IV summarizes the main
success factors that are related to IPD that need to be integrated in the design of a NZEB to
enhance the chance of delivering a successful project.
Integrated project design, delivery and teams reduces risks of failure through intense verification,
and thereby improves the building’s performance (8,35,42,51,52). Planning and designing with
an integrated team will most likely lead to increased commitment of clients, consultants,
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contractors and facility managers; thereby wanting to fulfill the environmental, social, healthrelated and economic aims (35). IDP is therefore a crucial component of successful NZEB
delivery. In their book (Integrating Project Delivery), Fischer et al. (42) provide an elaborate
description of all components of IPD, offering a roadmap for the implementation of the approach.
4.1.1.5 Design Approaches
Several approaches exist regarding the design of a NZEB. Below, several of these are presented
and discussed. The chosen design approach is an important factor that determines the success of
the building, as the chosen approach has implications for the robustness, adaptation capacity and
scale for the NZEB. The approaches to be discussed are performance-based and prescriptive
design approach (closely related to the better known evidence-based design approach), the
occupant-centric building design approach, the integrated design approach and the whole-life
value/performance building design approach. These approaches share common ground in terms
of intended outcomes of the building’s performance and occupant satisfaction, yet their difference
in the execution of the project makes them worth discussing in the following paragraphs.
Performance-based Design
Performance-based Design (PBD) or performative design entails that the main input for design is
building performance and building behavior, above all other factors (55). If performance and
calculated variations in performance govern the design process, performance-based design
allows for robust and adaptive NZEBs. The performance-based design approach is therefore key
in the creation of NZEBs. According to Kotireddy et al. (43) designing a NZEB for optimal
performance and a minimum of occupants complaints over time are key elements in the design
of robust NZEBs. Accordingly, a proper balance between energy demand, HVAC systems and
renewable energy systems (RES) must be investigated to allow for the optimization of these
elements and therefore the building’s performance. A performance-based design approach allows
for testing and validating the design’s robustness and flexibility.
Attia (8) states that the performance-based design approach is key to achieve technical feasibility
and financial cost effectiveness of NZEBs. The performance-based and evidence-based design
approach can help to develop local NZEB definitions, concepts, and standards. Once tested and
validated through demonstration projects, they can be turned into prescriptive standards and
legislations (40,42). Taking it one step further, Attia (8) claims that this is the optimal way to
evolve national definitions taking into account the effects of climate change, existing building
stock renovation and to bring NZEB concepts into the high-volume market worldwide.
Occupant-centric building design
A rather new approach to building design is the occupant-centric building design approach.
According to Thomas Hartman, principal of The Hartman Company, incorporating an occupantcentric building design allows for ‘vastly improved energy performance’ and ‘should also
stimulate new thinking regarding how best to quantify actual performance and verify that it is
meeting expectations’ (35).
The occupant-centric design approach entails a process in which the building and its systems are
developed in a bottom-up way, meaning that the design for conditioning is focused on the
occupants rather than the building. Additionally, the occupants of the building are encouraged
and empowered to set the thermal, lighting and airflow levels themselves, as they desire. Once
fully integrated, Hartman believes that this new approach will deliver opportunities to further
improve operating efficiency in such a way that the benchmark for green office building energy
use should move to 50 kWh/m2 in the near future (35). For this claim, Hartman presents an
energy use spectrum with an EUI-rating for office buildings. This spectrum allows for the
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assessment of individual office buildings and provides a valuable perspective with regard to the
challenges and issues that must be addressed to improve the performance of office buildings.
Accordingly, Hartman introduces kilowatts per occupant (kW/Occ) (also presented in Table IV.4.)
as the building performance indicator of the future for many commercial building times. kW/Occ
is calculated by dividing the building’s total annual energy use (kWh/yr) by the sum of the total
hours spent in the building by all occupants over the year. Adopting this metric encourages
designers to ensure systems are focused on the actual occupants, and to be sure systems are shut
down when spaces are vacant. Table IV.11 in Appendix IV represents the energy use spectrum
with kWh/m2 and kW/Occ as developed by The Hartman Company and represented in Strong
and Burrows (35).
Integrated Design Approach
The integrated design approach has been introduced earlier in this chapter. The design of a
sustainable, ultra-efficient, well-performing and comfortable building is extremely complex.
Including environmental, economical and social dimensions in the design of a building requires a
holistic, interdisciplinary and integrated approach (56). More practically, this entails that
architects, engineers, urban planners, landscape architects, acoustical scientists, environmental
scientists and other types of relevant specialists integrate their knowledge to deliver a wellperforming and comfortable building (8,35,42,56). There is scientific consensus that it is crucial
to adopt an integrated design approach to develop NZEBs, particularly performance-based
integrated design.
Whole Life Value / Whole Life Performance Approach
Strong and Burrows (35) specifically address a whole life value or whole life performance
approach as a valuable design approach. They state that developing buildings from this approach
ensures quality of the building, as well as it incorporates whole life costs. The whole life value or
whole life performance approach differs from traditional design approaches as it does not only
focus on immediate or initial costs of the project. Rather, Life Cycle Costing (LCC) techniques are
applied to calculate the costs that the building bears on the long run, including environmental
costs. Adopting an integrated design approach based on whole-systems thinking (including
whole-life value and performance) is regarded as a successful strategy to deliver efficient,
sustainable and well-performing buildings (35), with minimal impact on the environment, saving
energy and costs (57). Designing the building for disassembly is an important factor in the design
of sustainable buildings from the whole life approach (8,35,57). This is further elaborated in
Section 4.1.2.7.
Architectural features
Ideally, NZEBs are designed according to technologies that reduce costs, allow for fast building
and that achieve the expected performance requirements. Lessons learned from NZEBs and
indicate that it is an important success principle to maximize the use of modular, repeatable,
highly efficient design strategies (8).
Although complicated and expensive architectural features might be aesthetically pleasing, they
should not be favored over repeatable design elements and building components. Attia (8)
especially discourages the incorporation of punched windows and curved walls, and encourages
the maximization of space efficiency and thermal zoning. Simpler, efficiently proven structures
will enhance the quality of the building and, moreover, diminish waste (35). This is closely tied
with the performance-based design approach, in which the performance of the building
determines the form of the building.
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4.1.2 Construction
The second phase of a buildings lifecycle is the construction phase. This section presents success
principles as found in literature in the construction phase of a NZEB. Adequate construction of a
NZEB is crucial as it largely determines the building’s success and longevity. Failures or missed
opportunities in the construction phase can impose a substantial threat to the building’s
performance (as an example, inadequate insulation will likely jeopardize the building’s capability
to live up to the designed energy performance).
On a global scale, around 50% of all extracted materials are used by the building industry (58).
Despite imposing a significant burden to the Earth’s climate and its resources, the construction
industry is renowned as the most hesitant to change (59). Generally speaking, the construction
sector favors traditional methods and/or financial concerns over alternative, more sustainable
solutions. However, according to Strong and Burrows (35), the construction sector is gradually
responding through a combination of increased awareness, the recognition of competitive
advantage and through building codes on different scales. Sustainable construction is crucial as it
positively impacts the entire life cycle of a building; reducing waste, pollution and resource
consumption; with the goal of delivering a healthy, comfortable, high-quality and future-proof
building.
The construction of a new NZEB offers an opportunity to implement sustainable construction
practices. According to Attia (8) and Strong and Burrows (35), these practices need to be
considered as early on as possible and integrated in the design decisions (8,35). Strong and
Burrows (35) also stress the importance to involve contractors in the design phase through an
IDT, to advise on buildability, materials and construction techniques. Attia (8) complements this
statement by Strong and Burrows, stating that “NZEBs are not about adding another layer to the
existing construction and management activities on-site […] NZEBs need to be designed involving
contractors, builders, material purchase agents and suppliers to make sure that the construction
will lead to a high-quality building in a cost-effective way”. This calls upon the construction sector
to avoid business-as-usual practices, and apply different knowledge and technologies to construct
NZEBs.
With regard to the identification of success principles for sustainable construction, the most
notable aspects are: construction quality, material, waste management and pollution prevention,
on-site construction efficiency, construction technology, prefabrication, the flexibility approach
and the ‘construct for deconstruction’ approach, which are all elaborated upon next.
4.1.2.1 Construction Quality
Integrated Project Delivery
A first step towards ensuring construction quality is the integrated project delivery approach. IPD
results in an incentive for collaborative working, which is necessary for achieving performance
targets (35). Additionally, IPD is coupled with an element of accountability, in which the entire
project team shares the risks and benefits of the project. IDP encourages working efficiency and
enhanced control of procedures, ensuring the delivery of targets and extending to a shared
interest in the whole life performance of the building (35).
Following an integrated design process is important to avoid risks that are likely to compromise
the construction quality and details. These risks are brought about by last minute changes and
pressured on-site decisions (predominately cost- and time-related). IDP ensures wise choices to
be made during the early stages of the project delivery (8).
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Documentation
To ensure construction quality, construction practices need to be fully documented. These
documents need to entail clear definitions of the project parameters that are understood and
acknowledged by all parties. At the heart of this lies the need to secure sustainable construction
practices as core principles, to avoid the tendency of sustainability to be overlooked. The project
team must be aware of green building certification schemes (e.g. LEED or BREEAM) that are being
targeted (35). As Attia (8) states, simple detailing in the construction phase increases the
likelihood of a good NZEB, and therefore careful and detailed construction documentation should
be granted a significant amount of attention.
To fully inform the (sub)contractors and the supply chain, construction phase activities need to
be communicated in detailed plans; clear and achievable, with no room for interpretation (35).
Strong and Burrows (35) state that, at a minimum, these documents must include a sustainability
action plan, a green building certification preassessment report, a site waste management plan, a
resource efficiency plan and an environmental control plan. In case superior or cheaper
alternatives for originally specified products or systems become available during the project
development, Strong and Burrows emphasize that these must be approved by all key
stakeholders to ensure any impacts on other interrelated systems. Performance targets may not
be jeopardized by the alternatives, and the sustainability implications of the alternative(s) need
to be critically evaluated and assessed.
Construction team and capacity building
The limited number of architects and engineers that are competent to deal with the new
technologies and standards of NZEB and insufficient know-how of professionals with regard to
NZEB currently imposes a barrier to high-quality construction (8,60). The construction team of a
NZEB needs to consist of qualified and educated personnel. Establishing a well-performing NZEB
requires advanced knowledge on NZEB and more interaction, coordination and inspection during
design and on-site (8). Clear and regular training should be encouraged to ensure that the
sustainability requirements of the project are communicated through to the project delivery level,
and every worker or visitor to the site must be well-informed (35). Serious challenges currently
exist with regard to a lack of convocational education and capacity building for NZE building
among builders. In many cases this leads to inefficient solutions, nonoptimized buildings and
higher costs (60).
As we have encountered before, NZEBs require extreme energy conservation measures. These
measures, amongst others, imply extra insulation, low airtightness, delineated air/water/thermal
control layers, smaller HVAC systems and more efficient ducts and photovoltaic systems (8). As
Attia (8) notes, measures like these require more complex details and specifications. Therefore,
they require better interaction between designers and builders and the capability to incorporate
new materials and products intelligently in the buildings. Handling innovative and high-tech
solutions in the construction sector requires trained and experienced personnel, whereas many
construction workers lack this capacity. Being able to read, understand and apply specification of
used NZEB technologies requires capacity building, education and training.
To ensure construction quality, Attia (8) states that workers and crafters must have professional
credentials in their area of specialization to be allowed on-site in order to guarantee quality and
safety as a first measure. Therefore, the construction staff should consist of certified professional
service providers, companies and individuals. Attia has conducted a lot of research in the field of
NZEB and draws upon lessons learned from practice to state that construction practices (i.e.
insulation, envelope tightness and installing HVAC systems) can easily go wrong – contributing
to the energy performance gap that arises between the designed and actually established
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building. To bridge this gap, skilled and accredited professionals should carry out the building
practices to deliver a well-performing and robust NZEB (8). Additionally, Attia (8) draws upon
the importance of a dedicated on-site quality assurance supervisor to be present during all key
construction phases.
As a second important measure to ensure construction quality, Attia (8) stresses the importance
of vocational education and training. Citing the author: “Creating new curricula and NZEB-related
training that meet and exceed the national building energy efficiency requirements is essential. This
is one of the ways to bring high-performance building standards into practice, especially among
young and foreign building professionals. Training of dedicated, on-site quality assurance
responsibility is very important”.
Strong and Burrows (35) address several communication strategies to increase awareness
amongst all parties and to keep them well-informed. They suggest a sustainability board to
communicate actual performance against performance targets to all stakeholders, including site
signage (carrying clear messages transcending language barriers) and bulletins or sustainability
newsletters. The authors call upon general contractors to develop a suite of Toolbox Talks13 that
cover specific topics such as hazardous substances, materials sourcing and water and energy
conservation.
To enhance cooperation amongst employees, Strong and Burrows draw upon employee
recognition or incentive schemes to encourage participation. Adding on, they suggest
subcontractors to be encouraged to identify ‘sustainability champions’ who identify or
communicate environmental and sustainability requirements with the team, feeding back
suggestions or alternative proposals. Finally, they state that the general contractor should ensure
that the delivery management team possesses an adequate level of environmental awareness and
is stimulated to recognize potential on-site issues or areas for improvement (35).
Finally, a coordination team should be present to ensure that the activities are adequately carried
out and conflicts or errors are resolved as quickly as possible. Attia (8) states that this
coordination team should involve architects, equipment representatives, suppliers, the HVAC
contractor, the renewables contractor, site managers, third-party commissioning authority,
builders and procurement representatives. These experts should be well-trained and participate
in meetings, overseeing how the building comes together.
Certification
An important step in assuring the quality of a NZEB or an EE-HPB is compliance, certification and
project management; underlined with a clear strategy and procedure to achieve outstanding
quality results. Without certification, an effective quality control strategy would be hard to
implement. Certification is important as it functions as a formal assessment and quality assurance
method (8).
Performance-based certification (such as LEAD or BREEAM) ensures that the overall planning of
the NZEB project is carried out with a calculated energy assessment, ensuring that the building
will actually reach the designed performing standards (8). Besides achieving certification on the
building level, Attia (8) suggests the use of certified building components as they are generally
more efficient and of greater quality, significantly contributing to ensuring high performance.

A Toolbox Talk is an informal safety meeting that focuses on safety topics related to the specific job, such as
workplace hazards and safe work practices. https://www.bccsa.ca/Toolbox-Talks-.html
13
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Quality Inspection
To ensure construction quality, Attia (8) suggests that project management should include
structured reviews that interrogate construction quality (construction details, sequencing,
buildability and construction program) in order to identify potential flaws or risks. Construction
quality checklists are useful tools as well; not only to be used as a check for important items to
remember, but also for the verification of compliance to quality control policies and procedures.
Detailed site inspection and reporting the results to the NZEB project stakeholders is another
measure to ensure construction quality. The results from the inspection should be discussed with
the design team, in order for lessons learned (both good and bad practices) to be incorporated in
the design of future NZEBs. Site inspections should be carried out by experienced professionals
who are accredited to verify quality and performance.
Finally, accurate and seasonal commissioning and testing of the NZEB is important to verify the
performance of materials and products (35)(8). Commissioning is not just focused on testing
during the end of construction; rather, it is a holistic process that spans from pre-design planning
to post-construction operation (61). Commissioning in the construction phase should be
regarded as the first stage in a process of continuous commissioning throughout the lifespan of
the building (35).
However, construction phase commissioning is of critical importance and should be undertaken
with sufficient rigor and not be rushed due to pressure that might arise at the end of construction
to hand over the building. Additionally, installation quality must be reviewed regularly to deliver
accurate testing results (35). This is one of the reasons why frequent construction quality reviews
and detailed site inspection including the quality of installations is important. Furthermore, Attia
(8) suggests that manufacturers and suppliers take part in the installation and commissioning
process to become part of the quality assurance process(8)(8)(8)(8)(8)(8).
4.1.2.2 Material
The careful selection and adequate application of sustainable and well-performing material is an
important step in the construction of a NZEB as materials are the essential components of the
buildings construction. Appropriate design and the chemical, physical and mechanical properties
of materials determine the mechanical strength of the building (62). Usually, building materials
are selected based on functionality, technical characteristics and financial requirements. The
price associated with building elements, however, only represents manufacturing and
transportation costs, and does not incorporate social and environmental costs. Therefore, the
construction of NZEBs requires sustainability features of selected and used materials to be
granted considerably more attention.
It is important to consider the embedded impacts of materials upon assessing material in terms
of sustainability (Figure 2.1). Embedded impacts are not limited to the use of fossil fuels and
associated emissions of GHGs, but also include impacts on land use, biodiversity, toxicity, the
overtime depletion of scarce resources, pollutants and processing impacts if materials are not
recyclable (35). The use of sustainable materials will likely generate healthy buildings that are
sustainable to the occupant as well as our environment (62).
A common definition of sustainable construction material, as presented by Strong and Burrows
(35), is that it is “a construction material or product that, when integrated and used in the building,
causes minimal impact to the environment; does not harm the people associated with producing, or
building with, the material or those using the building in which it is incorporated; and does not incur
excessive cost at any point during the life cycle, while providing the required functions of the
building”.
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In the assessment of the sustainability of used material, a critical look should be given to the
environmental impacts of the materials associated with extraction, processing, transport,
maintenance and disposal. Performing Life Cycle Assessments (LCA) and Environmental Impact
Assessment (EIA) are valuable approaches to calculate the impact of construction material, that
should be used to support decisions on construction systems and building materials.
To facilitate and guide project teams, Attia(8) recommends to specify and select compliant and
regional materials and products, to reduce the amount of raw materials and opt for reused
materials, to use renewable and bio-based materials and products and to use responsibly sourced
and extracted materials. Environmental labels on material sustainability, together with EPDs and
carbon footprints, can be helpful indicators to guide the decision makers.
More practically, sustainable construction materials include responsively harvested wood,
recycled content materials and bio-based materials; preferable harvested or produced locally (8).
Examples of eco-materials are earth, hemp, wool, compressed straw, bamboo and timber, and are
smart choices to incorporate in NZEB design (63). Upon selecting ecological material, Attia (8)
emphasizes the importance of multi-criteria analyses in order to avoid misleading singleattribute indicators such as embedded energy and carbon emissions.
Finally, as far as material production processes are concerned, Bribián et al. (64) call upon the
necessity of the promotion of using best techniques and innovation in production plants to
replace the use of finite natural sources with their associated waste generated in different
production processes, and close the cycles of the products. This entails the decisive commitment
to reuse and recycling and promoting the use of locally available resources and minimizing
transport of starting materials and products. This complies with the whole-systems approach and
circular building, which is more elaborately addressed in Section 4.1.1.4 on the post-occupancy
phase. Figure 2.1 in Chapter 2 illustrated that buildings consume energy directly and indirectly.
Minimizing the amount of embedded energy in materials is a key component to minimize
building’s energy impacts through indirect consumption, and deliver a genuinely sustainable
building. Table IV.13summarizes the main recommendations for material selection.
Material Passport
Generating a materials passport in the construction of a NZEB is a good practice, as it documents
the quantity and quality of materials used in the building. This is important for the reuse of
materials at the end of the buildings life cycle or upon intermediate and partial deconstruction
practices. In the construction phase it is important to establish the material passport and
document
the
initial
characteristics
of
all
building
components.
Upon
deconstruction/disassembly, this passport should be updated to present component
characteristics after use. This allows building components to be reused later, ensuring the highest
possible market value (57) (see Section 4.1.4).
4.1.2.3 Waste management and pollution prevention
Related to the sustainability of material use and construction practices, waste management and
pollution prevention is an important challenge that needs to be granted attention in the
construction phase. Waste related to construction arises as a result of design and specifications
and through construction activities (65). Waste generated by design occurs mainly when
aesthetic quality is prioritized over other considerations or when unsuitable materials are
specified. Aesthetically pleasing but unusual design layouts may require limitations to the
utilization of materials and on-site material manipulation. As addressed in Section 4.1.2.5 under
‘Architectural Features’, performance and efficiency measures should be favored over aesthetics
to realize a sustainable design with a minimum of wasted material. Waste generated by
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construction activities originates mainly from poor workmanship, lack of coordination,
overordering materials and material storage (65).
Waste is not only determined by means of visible costs, which account for merely 4% of the costs
associated with waste (35). Additional to wasted resources and embedded carbon, the hidden
costs that account for 96% of the costs associated with waste include energy use, utility use, raw
material costs, labor, handling and storage, transportation, maintenance time, time, effort,
production capacity, rework and lost profit (35). It is therefore important that before on-site work
begins, lean construction techniques must be evaluated in order to design out waste. Strong and
Burrows (35) suggest that by means of an incentive to minimize waste, all costs associated with
additional materials and resource waste should be borne by the people responsible for it;
particularly the subcontractor.
Adopting a successful waste management strategy will result in reduced landfill rates, improved
recycling rates and drastically reduced costs. Assigning a waste coordinator would be a good
practice, who should promote and monitor waste management strategies, educate te workforce,
make adjustments where necessary and review waste documentation in order to review
performance against targets and identify areas for improvement (35). Taking into consideration
that space is often limited on construction sites, adopting installations such as compactors would
be a profitable practice in order to limit transportation of waste.
The waste hierarchy (reduce – reuse – recycle – recover – dispose) should be handled when
considering waste materials (66,67). The first option to be explored with regard to waste
minimization is reducing material use and waste. This can be realized through using less material
in the design and manufacture of the building, particularly by modularization and off-site
construction and prefabrication. Prefabrication will be elaborated upon later in this section.
Storing material off-site or ordering material shortly before construction practices begin is an
additional good practice in terms of reducing waste by minimizing the risk of damaged materials
(35). Second in the hierarchy comes the reuse of materials, which can be achieved through
cleaning, repairing and refurbishing parts, or reusing overordered material. Next comes recycling
waste into new materials, for which ensuring segregation of materials (e.g. metals, timber,
plasterboard, glass, plastic, concrete, etc.) is important. Recovery entails energy recovery from
the disposal of waste, and last in the waste hierarchy is disposal in a landfill of materials that
cannot be reused, recycled or recovered.
Strong and Burrows (35) outline four key areas that need to be addressed in order to develop and
execute a successful waste management strategy for a construction site. These key areas are
collaboration, convenience, policy and education. The authors provide recommendations for
these four key areas that would lead to a successful waste management strategy, which are
presented in Figure IV.6 in Appendix IV.
Besides waste management, the adoption of pollution prevention/management plans is also
important during the construction phase of a NZEB in order to prevent the environment and
human health. A water pollution prevention plan is important to reduce the chance and effect of
harmful spillages, most often being fuel storage and delivery area spillages, improper chemical
storage and vehicle maintenance faults (35). An air quality management plan is important to
reduce the air polluting activities carried out in the construction phase, protecting human health
and the environment. Noise, dust and light pollution are other challenges that need to be taken
into consideration; calling for strict working hours and schedules, using a mist spray to prevent
dust and only using essential lighting are examples of measures that can be taken to diminish the
effects of these types of pollution.
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4.1.2.4 Envelope, Façade, Airtightness
The following paragraphs elaborate on three crucial and related elements of a NZEB that require
special attention during the construction phase: the building envelope, façade and airtightness.
These elements are crucial as they largely determine the energy performance and efficiency of
the building.
Envelope / Façade
The envelope of a NZEB is an extremely important factor in determining the buildings
functionality and energy performance. The envelope, being the line of defense between the
outside environment and the inside of the building, needs to achieve high thermal and airtight
performance and protect the building from outside weather (8). Additionally, it needs to be
durable, easy to maintain and structurally stable.
The envelope of any building, but particularly a NZEB, needs to be insulated well to slow down
the rate of conductive heat loss. Therefore guaranteed continuous insulation, minimized
complexity of insulation details and simple, robust details are important aspects of design and
construction of the envelope and façade. To minimize the environmental impact of the building,
Attia (8) suggests to select the envelope construction system with low-embedded energy, as the
choice of a low-carbon envelope system reduces the amount of concrete, aluminum and steel
used; thereby reducing the overall embedded energy of the façade. Insulation material options
need to be considered carefully (preference should be granted to eco-materials), and the
construction quality of insulation techniques must be inspected critically in order to ensure
performance.
A robust and well-performing envelope needs to be constructed in such a way that there is
continuous thermal insulation touching all six sides of the cavity/place where it is installed, it
includes high-performance windows and appropriate shading, there is continuous airtightness
(discussed later in this section), and grants fire protection (8). Strong and Burrows (35) provide
complementing recommendations with regard to the sustainable construction of the building
envelope. These are summarized in Table IV.14in Appendix IV.
Façade
The façade, a component of the envelope, largely defines the architectural aesthetics of the
building as well as also playing a critical role related to energy performance and interior
functioning of a building (68). Strong and Burrows (35) also draw specific attention to the façade,
suggesting the incorporation of intelligent/smart façades. The façade transfers light, solar
radiation, air, noise and moisture to the inside of the building and connects occupants of the
building to the outside world. Therefore, enabling these aspects to be controlled by the buildings
occupants through intelligent/smart façades is functional as well as it is pleasant to the occupants
of the building. This is further discussed in Section 4.1.3.2).
Airtightness
Rigor and special attention needs to be granted to airtightness, being a key quality in NZEB
construction. During design and construction, a formal air barrier strategy (coupled to security
air systems) need to be addressed. This strategy includes measuring the airflow through the
envelope in order to identify potential leaks using calibrated testing equipment. Additionally,
pressurization and depressurization tests must be carried out. Only when airtightness testing
meets target values, details are inspected carefully and any leaks or cracks are eliminated,
plastering and finishing the building can begin (8).
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4.1.2.5 Prefabrication
The concept of prefabrication has been briefly introduced as a good practice earlier in this thesis.
Prefabrication entails the off-site production and assembly of building components, that are
transported to the site and are ready for construction without having to alter them. Off-site
assembly and prefabrication saves labor costs, improves quality and consistency (Bonington,
2017).
Prefabricated units range from doors, stairs, window walls, floor and wall panels to room-sized
components and even entire buildings. Figure IV.7 and Figure IV.8 in Appendix IV visualize the
assembly of prefabricated components during construction and an example of a prefabricated
office building, respectively. Figure IV.8 also proves that using prefabricated, repetitive
components don’t necessarily means that a building can’t be aesthetically interesting.
Off-site modular construction and prefabricated building components is specifically addressed as
a best practice by Attia (8) He states that off-site prefabrication makes the assembly faster and
cheaper, reduces on-site construction time, increases quality and construction precision and
enhances control on site coordination details and safety concerns. Although Attia (8) specifically
states prefabrication as a best practice, there is also widespread consensus in the sustainable
building industry that prefabrication is important. Therefore, prefabrication is an important
practice in achieving affordable and high-quality NZEBs.
4.1.2.6 Flexibility approach
Related to constructing a building for disassembly is the recommendation to design buildings for
flexibility and adaptability (35). Design flexibility allows the building to evolve over time and be
adjusted to changed user needs. When a building is designed for flexibility and adaptability, the
building can be relatively easily adjusted to serve new functions or different occupant needs
without having to be demolished and fully refurbished. Although designing for flexibility might
not directly benefit the building owners upon construction, it saves a lot of money, time, effort
and environmental harm (embedded energy) if the building can be given another function rather
than being demolished. Flexibility measures should be considered and incorporated early in the
planning phase of the new building, as it will become increasingly difficult to incorporate
flexibility strategies as the project develops (69).
Designing and constructing for flexibility is an important contribution in the transition towards a
sustainably built environment as it allows buildings to be around for a much longer time and
occupy a different function (e.g. from an office building to a mall) rather than being demolished.
Flexibility measures include ‘active’ flexibility measures, such as moveable partitions or elements
that can change direction in order to divide the building’s spaces differently. Flexibility measures
also include features that are inherently flexible, such as open plan offices and multi-use spaces.
Flexibility can be defined in three different types: adaptability, transformability and
convertibility (69).
Firstly, adaptability entails the ability of the building to adopt a different function without having
to change the architecture. This includes multi-functional spaces, the repositioning of furniture,
open floor plans, etc. Secondly, transformability entails the change of interior or exterior of a
building without the need for new construction. This includes moveable structures and
relocatable units. Lastly, convertibility involves altering the construction/architecture of a
building through additional construction work. This construction work is, however, made
significantly easier through measures such as providing foundations for future expansions,
oversizing building services to allow future expansion and reserving space for additional
buildings in the initial construct.
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4.1.2.7 Construct for disassembly
Designing and constructing a building for disassembly is an important practice in the
development of a sustainable building through the consideration of the entire life-cycle of the
building (8,35,57,70). Constructing a building for disassembly allows for the re-use of building
components and structures at the end of the building’s life cycle. Therefore, this practice
significantly reduces waste and contributes to the circular building approach. As we have
encountered before, re-use is second step the waste hierarchy; constructing a building for
disassembly allowing for the re-use of materials is therefore a good and sustainable practice.
Benefits of designing a building for deconstruction and constructing a building for disassembly
include a minimization of construction waste, pollutants and deconstruction costs; a strong
reduction in the whole-life environmental impact of the project; reduced transportation; reduced
carbon impact, and a reduced quantity of materials taken to landfill (70). Applicable measures to
construct for disassembly are presented in Table IV.15 in Appendix IV.
As Attia (8) states, it must be prevented that buildings become waste. Rather, they should function
as banks of valuable materials and slow down the current rate of resource extraction to a rate
that is in compliance with the capacity of the planet. Constructing buildings for disassembly plays
a part in tackling the challenge of dealing with an increasingly resource-constrained future
(8,35,57,70). Resource-centered thinking is important in the realization of a NZEB.
In their book ‘Building a Circular Future’, authors K.G. Jensen and J. Sommer devoted nearly one
third of their content to designing and constructing for disassembly. They emphasize
constructing for disassembly as a cornerstone in the circular economy, as it allows for the reuse,
reassembly and recycling of components to new products (57). As a main practice for
constructing for disassembly, Jensen and Sommer (57) call upon the importance of reversible
connections between two or more components that will not damage the components. Practically,
this entails favoring screws, splits, nuts and bolts over nails and glue (57). They address five
principles to consider with regard to constructing for disassembly, being materials, service life,
standards, connections and deconstruction (57). The first four of these principles are elaborated
upon below. Deconstruction practices will be discussed in Section 4.1.4 later in this chapter.
For materials, Jensen and Sommer (57) commend to choose materials with properties that allow
them to be reused. Construction materials need to be of high quality in order to be able to handle
several life cycles. They need to be healthy, non-toxic materials to provide a healthy environment
for both now and the future, and not release toxic waste upon being disassembled. Finally, the
authors stress that materials should be as pure as possible, allowing for easy recycling.
For service life, the authors advise to design and construct the building bearing the whole life
cycle of the building in mind. For this principle they emphasize to concern layers of the building
that consist of long lasting and flexible building elements that can be easily changed. Relatedly,
they call upon flexibility as an important approach, in order for the building functions to adapt
and change in the future. Finally, they recommend to think about the building as a temporary
composition of materials and accordingly design and construct the building with preservation of
material value in mind.
As far as standards are concerned, Jensen and Sommer summarize to design and establish a
simple building that fits into a ‘larger context’ system. This entails the use of modular systems
that allow for easy replacement, the use of prefabricated elements for quicker and more secure
(dis)assembly. Lastly, they advise to create a component when the composition of elements
becomes too complex to handle.
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Finally, for connections the authors suggest to choose reversible connections that can withstand
repeated assembly and disassembly. Connections need to be accessible to minimize
(dis)assembly time. Mechanical joints are advised for easy assembly and disassembly without
causing damage to the materials. Jensen and Sommer discourage the use of binders, but if they
are necessary, they advise to use binders that are dissolvable. (57)

4.1.3 Operation and Maintenance
After the discussion of success principles in the NZEB design and construction phase, we have
arrived at the third stage of a building’s life cycle: the operation and maintenance phase. This is
the stage where the building, after construction and final commissioning, is handed over to the
operator. The operation and maintenance phase is an important and challenging phase, as it will
become evident if the building actually lives up to the targeted performance. Moreover, adequate,
regular and efficient maintenance is important in this phase of the building as maintenance
secures the quality of building components that allow them for future reuse in line with the whole
life-cycle/circular approach to establishing buildings (refer to Section 4.1.4).
Although final commissioning at the end of the construction phase already allows for a first
insight in the buildings performance, occupant behavior amongst other factors play a large part
in determining the actual performance of the building. Occupants’ impact on the building’s energy
use continues to increase through more proactive behavior with building components and
systems becoming more efficient. As a consequence, more uncertainty arises with regard to the
energy use of a NZEB (8). This requires continuous follow up of building performance during the
operation phase (8,22,35).
The performance gap – the mismatch between the predicted and in-use energy consumption of a
building – is a recurring and significant challenge in realizing NZEBs. This gap can not only be
attributed to inadequate design assumptions, yet it is largely determined by operation problems.
The realization of the obtained building performance in the operation and maintenance phase is
challenging for various reasons. It requires continuous monitoring and evaluation to track energy
performance. Additionally, it requires the occupants of the building to demonstrate intended
sustainable behavior; whilst at the same time being provided with sufficient (or exceptional)
comfort levels. Another challenge arises with regard to realizing that the building is operated as
intended. Mastering these challenges is essential in realizing an energy neutral and/or highperforming building.
In light of identifying successful practices in the operation and maintenance phase, the main
topics that are discussed in the following sections are indoor environmental quality (IEQ),
occupant engagement and behavior, building operations and monitoring and evaluation.
4.1.3.1 Indoor Environmental Quality (IEQ)
Whilst energy savings and building performance are extremely important, occupant comfort and
health should be prioritized over energy savings in the future generation of high-performance
buildings (8). The Sick Building Syndrome (SBS) is one of the biggest challenges related to NZEBs
(Section 4.2). Assuring comfort and occupant well-being in NZEBs is a challenge as occupant
satisfaction and comfort is a highly varying socio-cultural concept. Attia (8) identifies
overheating, IAQ, noise and building controls to be the main reasons for occupant dissatisfaction
in NZEBs.
Most complaints are related to indoor temperature and appear in the summer (8). This is mainly
due to problems that arise with the estimation of passive cooling demands. This emphasizes the
need for the strict sizing and design of cooling systems that we have read about before in Section
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4.1.1.1 under ‘Heating and Cooling Balance’. Although passive techniques are essential in
establishing NZEBs, future climate scenarios need to be taken into account. This, in turn, also
confirms the importance of modeling and simulation in the design phase of a building.
Complaints about air quality and ventilation are mostly related to draft, humidity or a low rate of
air renewal (8). In order to provide proper humidity, high ventilation rates should be avoided. It
is therefore important to measure the exchange rate of the indoor air after the installation of the
ventilation system in the construction phase. In a similar fashion, testing and investigating
(de)humidifiers should also be granted specific attention with regard to delivering adequate IAQ.
Noise complaints related to the ventilation systems is another recurring issue that affects
occupant comfort. Therefore, Attia (8) recommends the sound pressure level for building service
units to be ≤ 35 dB(A). Additionally, it may be a good practice to install HVAC units in a separate
and sound-insulated room dedicated to building services (71).
The fifth element of dissatisfaction as identified by Attia (8) relates to the ability of occupants to
use controls in the building. The ability to manually operate controls that influence occupant
surroundings generally leads to higher satisfaction amongst occupants (72). It should therefore
be the role of building designers to enable occupants to control their personal environments to
fulfill comfort needs (8). This, however, requires occupants to receive training on how to operate
their surroundings in such a way that it does not negatively impact the building’s energy use
(overriding shading devices to enjoy the outside view or for privacy purposes can, for example,
impact cooling/heating energy use). Education and training of occupants is discussed later in this
section.
IEQ directly affects the buildings users, their well-being, satisfaction and productivity (8,35). It is
therefore important to consider all senses and how air, view, daylight, sound, color, greenery and
space affects occupants in the workplace (35). Especially thermal comfort has a significant impact
on the health, satisfaction and productivity of occupants. Daylighting and views also have a strong
influence on the comfort, mood and health of occupants. It is therefore important to allow
occupants to control their environments and make adjustments to temperature, daylight,
ventilation and noise; if that enhances their comfort.
We have already discussed the importance of and good practices related to IEQ in Section 4.1.1.3
on the design phase of a NZEB. It is particularly engagement of occupants with their surroundings
and their ability to adjust their personal perception of IEQ to their own liking that is an important
element of success in the operation and maintenance phase. Occupant engagement and behavior
is discussed next.
4.1.3.2 Occupant engagement and behavior
The extend of influence that occupant behavior has on the building’s energy performance imposes
a challenge on maintaining energy neutrality of a building (8). Therefore, directing occupant
behavior towards sustainable behavior that is in line with the buildings design is important.
Occupants need to be engaged in the optimization of the building’s performance, which
represents a challenge to building owners and operators. Workspaces are increasingly designed
to be user-centered or user-defined, being based on the activities or tasks performed by the
occupants.
However, it is of vital importance that occupants indeed demonstrate sustainable behavior. This
should not be something that the occupant actively needs to think about; rather, they should be
trained and made aware of the consequences of their interactions with the building. Education
on how to use the building in combination with awareness raising are therefore important
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matters to take into account in the operation and maintenance phase of a NZEB, or any kind of
smart building really.
Training and Awareness Raising
Occupant behavior has a significant impact on the consumption of energy and other resources of
a building. Therefore, they should be made more aware of the impact of their actions on resources.
Educating the building’s occupants to understand the impacts of their actions in relation to the
building is part of the success of a NZEB. It is important that the building’s occupants are aware
and educated on the building’s energy performance in order to demonstrate desired behavior. It
is therefore important that an educational guide exists and can be consulted by the building’s
occupants (8,39). Another good practice is the organization of a familiarization session with as
many occupants as possible, offering them the ability to meet technical experts and learn about
the building controls through provided information and demonstrations (8).
Another effective way of positively influencing occupants’ behavior is to provide them with a
visualization of performance data. This can be realized through energy dashboards, applications
on smartphones or PC software. Direct incentives for occupants to positively alter their behavior
through interactive energy data dashboards (providing emojis or colored bars based on the
occupant’s energy consumption score) are influential in generating desired behavior (8).
Other than technological approaches to increase occupant engagement and awareness, simple
actions such as distributing leaflets or the placement of signs related to the building’s energy
performance are also valuable. Interaction and dialogue between occupants can also facilitate
behavioral change through social infusion. Additionally, transparent communication on the
control and/or operation system of the building with the occupants is important as they will
become more flexible and tolerant when they understand the system (8). Effective
communication of the building operator with the building’s users, providing simple and relevant
information through compelling language or visualization, will lead to response from the
occupants.
If communication is lacking or is presented in an overly complicated or non-interesting manner,
occupants are likely to remain passive. Attia (8) provides several recommendations to increase
awareness and engagement of occupants, directed at the building owners and facilities managers.
First of all, he recommends that a qualified person should explain and demonstrate the handling
of the system to the staff and occupants. Additionally, there should be a display or prompt that
indicates system failures as tenants often do not care as much about the proper functioning of
installations and devices as owners do. If occupants are made aware of such failures, this
enhances their engagement; and notifying the owner will improve the building’s performance.
Moreover, Attia advises to develop an occupant engagement strategy in order to identify occupant
behavior adaptations and measures (8). Figure IV.9 in Appendix IV presents other good practices
to influence occupant behavior to be in line with the building’s intentions.
Occupant-Building Interaction
Buildings are becoming increasingly smarter, with an increased incorporation of technologies
that are designed to interact with occupants. Interoperability between the occupant in the
building, and not only between the systems and the building, is important (35). Attia (8) and
Brambilla et al. (72) indicated that the perception of having control is often more important than
‘real’ control. The mere idea of being in control and having the possibility to modify the
environment acts as a placebo for comfort sensation, and increases occupants’ toleration to
irregularities.

53

The effective operation of passive design measures usually depends on occupant interaction with
the building, a.o. to open and close windows, or to raise and lower blinds. Occupants are asked to
be more aware and educated on how their building is meant to operate. To stimulate desired
behavior and engagement with the building, building information should be made accessible to
the occupants (8). Awareness-increasing measures (e.g. the visualization of performance data as
discussed before) are important to realize the right level of occupant engagement. It is essentially
the role of the control strategy for NZEBs to offer the right balance between automatic, semiautomatic and/or manual control, whilst at the same time responding to user needs in an
understandable and transparent way (8).
4.1.3.3 Building operation
Besides the behavior of occupants being an important factor in determining a building’s
performance, practices related to the operation of the building are just as important. The most
important factors to be discussed are the follow-up and of the (integrated) design team in the
operation and maintenance phase through the adoption of soft landings, and the prioritization of
simplicity over complexity in operation.
Soft Landing
Currently, designers are only involved in the design phase, constructers only in the construction
phase, and everybody usually melts away once the building is handed over (8). With buildings
becoming increasingly complicated systems intended to meet ambitious performance criteria, it
is important that the design team follows through and provides feedback during the operation
and maintenance phase. Soft landings are important to achieve this (8,35). Soft landings are
intended to extend the scope of service in such a way that feedback and follow up can become a
part of the project delivery. They can help clients, designers, builders and managers to provide a
better in-use performance of the building.
Adopting a soft landing is important to facilitate a smooth transition from design to operation.
Soft landings are focused on after-care and feedback in the first months and (three) years of
occupation, in order to make sure that the building is adequately operated by the operator.
Through soft landings, designers and builders remain involved in the implementation of
performance, security, health and indoor quality goals (8). It allows the design team to examine
and validate the dynamic simulation assumptions and models to better evaluate the optimal
performance, as well as it facilitates the operator by making informed decisions.
Soft landings, however, are not only concerned with the handover process. Strong and Burrows
(35) address five key stages of the soft landing approach, being: inception and briefing, managing
expectations during design and delivery, preparing for handover, initial aftercare in the first few
weeks after handover, and extended aftercare, monitoring and feedback over the first three years
of occupancy.
Although there is scientific consensus that soft landings are a good practice, they are time and
energy consuming and require high cost investments. Nonetheless, they do significantly improve
the quality of NZEBs (8,35), as well as they provide valuable feedback for future NZEB project
development. Soft landings avoid common problems that usually build up after handover, reduce
the performance gap, pass on knowledge from the design and building teams to occupiers and
managers, and allow to learn from the experience to improve future projects (35)
4.1.3.4 Monitoring and Evaluation
As we have encountered, occupant behavior is coupled with significant uncertainties; making it
the least predictable aspect of a NZEB. Finding a balance between automatic and manual control
systems and accurately informing the building’s occupants will lead to the ability to respond to
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the user needs and, accordingly, to energy savings. This requires real-time monitoring and
evaluation. Moreover, monitoring supports energy management and leads to the identification of
opportunities or threats for energy saving. Adequate monitoring is therefore important to track,
control, validate and improve performance(8,35). Adopting KPIs and setting performance
metrics are only valuable if they can be effectively measures and monitored over time (35). Realtime monitoring and visualization of energy performance allows staff to track energy savings, and
occupants to adopt their behavior; which most likely leads to a lower EUI of the building.
Monitoring is an important measure in overcoming the performance gap. It helps to identify
inadequate assumptions on occupant behavior and the performance of building systems and
controls. Collection and analysis of these data in turn allow for benchmarking or comparing
building performance to other buildings. Moreover, monitoring and evaluation of the data enable
the articulation of lessons learned to improve future NZEB performance (8,35,42). Besides being
important for the performance of the building at hand, monitoring and evaluation is therefore
also of critical importance for efficient future development of energy neutral and/or highperformance buildings.
In the documentation of measurement and verification processes and results, a description of the
data analysis procedures, algorithms and assumptions need to be stated (8). Facility members
are responsible for the indication of the metering points, parameters, period (if not continuous)
and assignment of responsibilities for reporting and recording. Metering technologies depend on
the granularity of metering. Strong and Burrows (35) state that better sensing and intelligent
metering should be included with the BMS to provide a level of data granularity that matches the
building’s intended use, maximizing the building’s effectivenes. Attia (8) recommends
submetering for NZEBs to separate metering for (at least) end use, total building energy
consumption, water and gas. The careful consideration of appropriate metering, submetering and
instrumentation is important to identify chances for improvement, and is therefore an important
factor in determining the success of the building’s performance.
In Section 4.1.1.2 under ‘Performance’, we have already discussed the importance of setting a
number of KPIs associated with critical elements. KPIs are not only used as the basis for design
and evaluation of design. Moreover, they are incredibly important in the operation and
maintenance phase of the building to ensure that he building performs and functions as intended
(8,35). Clearly established metrics for success allows for the quantification of progress, and
adjustment of the process to produce the desired outcome. Additionally, data management
systems are important for providing feedback on the performance of the building, and a continual
Post-Occupancy Evaluation (POE) process must be adopted (8,35).
Post-Occupancy Evaluation (POE)
POE is important to gain insight in in-use performance, as it provides feedback after the building
is built and has been occupied for some time (8,35,73). It is the purpose of POE to ensure that the
newly established building fits with its functional usage and individual user requirements.
Various reasons and purposes related to POE exist (73), yet the overarching purpose of
conducting POE is to provide valuable information to support the goal of continuous
improvement (74).
POEs often consist of quantitative data gathering on environmental variables (temperature, light,
noise, etc.) combined with qualitative methods such as questionnaires, surveys and interviews.
POE enables building owners to assess the design quality and potential gains, allows the building
operator to lower energy consumption and maintenance costs, and improves the well-being,
health and associated productivity of the building’s occupants (8). Moreover, POE imposes the
integration of stakeholders; especially the designer, owner, operator and occupant.
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The vital importance of POE lies in the ability to investigate simulated performance against the
real functioning of the building when building users engage with the building. The main benefit
of conducting POE is the improvement of building performance and maintaining longevity, as well
as improving occupant productivity and satisfaction (8). However, the integration of POE with
everyday practice in a NZEB has proven to be difficult.
Continuous commissioning
Related to conducting POE is the practice of continuous commissioning, another successful
practice in the operation and maintenance phase of a building aimed at the optimization of the
building’s performance (8,35,73,74). Besides final commissioning at the end of the construction
phase, continuous commissioning of the building during operations has been proven to be a key
energy management activity leading to energy savings and performance improvement without
bearing significant costs (35).
A continuous commissioning plan should describe measurement requirements (meters, points,
metering systems, data access) and the limits of acceptable values for tracked points and metered
values (8). Continuous commissioning improves building comfort, leads to improved system
operations, reduces maintenance costs, allows for the identification of potential system retrofits
or upgrades; besides being an efficient energy management strategy. Continuous commissioning
typically provides paybacks under three years, and hen facility personnel is incorporated in the
process, this can also lead to improved staff technical skills (35).

4.1.4 Post-Occupancy
The final stage of the building is the post-occupancy phase, when the operation of the building
has come to an end and the building is deconstructed/disassembled or used to serve another
function. As this thesis is aimed at identifying success principles for the project development of
NZEBs, more attention is granted to the design, construction and operation and maintenance
phase of a building. However, it is important upon developing NZEB projects to evaluate
strategies for the end of the building’s life cycle. The most important aspect of the post-occupancy
phase in the light of establishing sustainable buildings is the incorporation of the whole life cycle
of the building and avoiding waste and environmental harm. Developing a deconstruction plan in
the project development of a NZEB is therefore an important successful practice in the generation
of sustainable buildings.
The principle of a life-cycle or circular approach to buildings is to preserve components and
materials used in buildings with closed loops of either biological or technical nutrients, whilst
maximizing the conserved value for any particular component (8). The difference between a
linear and circular approach to buildings is visualized in Figure IV.10 and Figure IV.11 in
Appendix IV. We have already discussed designing and constructing for disassembly and
circularity as a good practice. The following paragraphs elaborate on successful practices that
need to be considered upon developing a deconstruction/disassembly strategy, and highlight
some measures that are important to be evaluated during deconstruction.
The quote “The optimal deconstruction scenario would be if it simply was the building process in
reverse” from Jensen and J. Sommer (8) is, of course, closely linked with designing and
constructing a building for disassembly. It would be the ideal situation if a building can be
securely stripped and its components are disassembled in such a way that they allow for efficient
reuse; preferably in similar building structures with minimal alterations to be made. Dismantling
the building would follow similar principles as erecting the building; meaning that individual
components are detached and hoisted down with cranes. Accordingly, these components can be
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transported to temporary storage or transported to a new construction site where they can be
directly used (57).
Construction and deconstruction practices are responsible for generating high levels of waste,
and have been doing so for many decades (8,35,65,75). However, successful practices exist with
regard to reusing waste that is generated in the deconstruction of a building. Reuse of waste
material can be categorized in recycling, upcycling or downcycling. Upcycling of material refers
to the reuse of by-products, waste materials or useless/unwanted products in such a way that
they are transformed into materials or products of better quality for better environmental value
(75). Downcycling of material entails the reuse of materials in structures or components in such
a way that its original value is decreased.
Currently, structures are often demolished through the deconstruction of concrete structures.
After concrete has been cut, it will be smashed and the rebar will be separated for scrap recycling.
The concrete that has been made clear of rebar is then usually transported to a crushing plant, or
is crushed on-site. As a result, the concrete gravel can be used in new building materials. In that
way, the concrete remains of demolished buildings can substitute virgin raw materials in new
building materials. This is an example of upcycling of waste material. Alternatively, the concrete
gravel can be used as substrates in roads, parking lots, etc.; providing an example of downcycling
(57).
Keeping a materials passport (refer to the bottom section of Section 4.1.1.2) and updating the
relevant information on building components in the passport is an important practice with regard
to the reuse of building components. This allows building components to be sold on the market
and be reused in other structures, a good practice in diminishing waste.
During the disassembly of the building, it is extremely important that stability of the structure is
guaranteed to minimize the risk of collapse (57). This is of course important from a human safety
perspective, but also for the preservation of value of building material that allows it to be reused.
It is therefore an additional successful practice that building deconstructors have a thorough
understanding of assembly methods and a building’s static principles.
Additionally, it is important to grant attention to environmental concerns in the
deconstruction/disassembly phase of the building. The deconstruction plan and practices need
to be respectful to nearby buildings, people and nature (57). This includes noise regulation, dust
regulations (such as dampening down the site) and regulation of light pollution; practices that
are similar to those of the construction phase.

4.2 Main Challenges
Delivering well-performing, robust NZEBs that simultaneously provide their occupants with a
healthy and comfortable indoor environment is, for many reasons, an extremely complicated task.
These challenges are complex and transcend the building phases of design, construction,
operation and maintenance and post-occupancy.
This section enhances our awareness and understanding of the challenges that inevitably arise in
NZEB project development, which is important to comprehend the structural complexity of
delivering successful projects and find ways to overcome those. Therefore, this elaboration on
challenges is followed by Section 4.1.3. In this section successful practices are synthesized and
presented that, if carried out correctly, provide the opportunity to overcome (a significant
amount of) these challenges.
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Static Character of AEC-industry
The Architectural, Engineering and Construction (AEC) industry is conservative and static,
resulting in a serious, slow-innovation uptake (8,59). As Attia (8) states, “the industry is crippled
by fragmentation and systematic delivery and technical errors, requiring mastering complexity and
of large amounts of modernization through knowledge management”. This challenge is deeply
rooted in the system and it is unlikely that this character of the AEC industry will rapidly change,
although political instruments could incentivize and accelerate the rate of adaptation of new
practices in the industry.
Performance Gap
A notable and all-encompassing challenge related to NZEBs is the energy performance gap, a
concept that we have encountered before. It has become the most significant problem associated
with high-performance buildings (8). The performance gap is the discrepancy between the
designed/intended performance of the building and the actual in-use performance of the building
(8,48,76). This divergence reflects the complexity of NZE building and the consequences of flaws
in design, construction and operation practices. The performance gap is a result of various factors
and is therefore a complicated and deeply rooted challenge.
Attia (8) summarizes challenging factors that result in the performance gap as being the ‘source
of our greatest difficulties and stresses to design high-performance buildings’, rooted in the
complexity of combining IEQ, energy efficiency, cost, construction quality, performance
validation and assessment through building design, construction and operation to achieve a
robust performance. In the design phase, the lack of clear target setting and establishment of
measurable performance indicators (KPIs) and flawed modeling and simulation practices are the
main factors that attribute to the performance gap. The main malefactor in construction is a lack
of quality assurance and poor construction techniques. The main contribution to the performance
gap in the occupancy phase is the uncertainty related to occupant behavior and climate variations.
To these challenges that contribute to deviating performance results we can add many other
parameters, including but not limited to climate change variability, building services, flaws in
facility management and plug loads (77). Challenging as these tasks already are, decision-making
stress (and risks) adds another level of complication to the process. Non-integrated project
delivery, inadequate modeling and simulations, certification pitfalls, lacking quality and
performance assurance, uncertainties, lack of experience and know-how and design decision
stress, all contribute to the structural problem of the performance gap. They are discussed
individually in the following sections.
Sick Building Syndrome
Attia addresses the Sick Building Syndrome (SBS) as the second largest challenge in NZE building.
Upon designing and realizing ultra-efficient high-performing buildings, it is a common struggle
that the project team is so strongly focused on energy performance that important IEQ factors are
neglected. Poor air quality, lighting, issues related to occupant density and thermal comfort
negatively impacts the well-being and satisfaction of the building’s occupants (8). Providing
thermal comfort in NZEBs is a significant challenge – a challenge frequently associated with ultraenergy efficient buildings (78). Most notably, overheating imposes a serious recurring challenge
in NZEBs. This is associated with the poor design or construction of the building’s
envelope/façade, improper HVAC systems design and sizing, and poor prediction of internal heat
gains and occupant density (8).
Besides obvious detriment for the occupants caused by discomfort and potential health-related
hazards, their productivity is also negatively impacted. Reduced productivity of employees bears
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significant costs to organizations, as has been described in Section 2.5. Health problems,
increased absence and discomfort (e.g. through overheating) are frequently recurring problems
in high-performance buildings (79). The jeopardization of IEQ is often the result of time
constraints and cost pressure. This relates to the following challenge in NZEB design, being design
decision stress.
Design Decision Stress
Another structural challenge related to establishing well-performing NZEBs is design decision
stress, when time and budget get narrow at the end of the design phase (8,35,42). Design Decision
Stress is defined by Attia (8) as “the stress caused by overwhelming information that hampers a
designer from making the fit-to-purpose design”. Decisions in the design phase often have to be
made in a short time span, whilst encompassing multi-objective building performance criteria.
These criteria are related to occupant well-being, construction materials, environmental control
systems performance assessment and, moreover, energy-neutrality – amongst many others. The
complexity related to the incorporation and proper calculation and assessment of all these factors
has been addressed before and may therefore be evident.
Design – Bid – Build (DBB) Model
Related to the previously described complexities and struggles (overarched by the performance
gap) is the challenge to deliver a well-performing NZEB with the outdated Design – Bid – Build
approach (8,35,42). The traditional DBB approach to building procurement often results in the
design, construction and operation teams working in sequence rather than in parallel (35). In the
traditional DBB approach, knowledge and experience remain disconnected. However, as we have
encountered before, the complexity of NZEBs call upon integrated and multidisciplinary teams
that remain engaged throughout the duration of the project.
Knowledge and expertise sharing is important in the design phase to construct a well-performing
building, and remains equally important in the operation phase of the building to ensure the
building is operated in compliance with the way it has been designed. As Strong and Burrows (35)
state: “Since the contractor is often not involved in, or responsible for, the operating building and its
costs, there is little incentive to scan the market for alternative options that will provide value to the
end user”. There is scientific consensus that without adopting the IDP approach, delivering a wellperforming and robust NZEB would most likely be an impossible task.
Insufficient Experience and Knowledge on NZEB
Attia (8) addresses ‘ineptitude’ as an overarching problem that we face for the design,
construction and operation of NZEBs. Existing knowledge needs to be applied consistently,
correctly, and fit-to-purpose. Da Silva et al. (60) confirm this statement by Attia. They state that
barriers exist with regard to the know-how of professionals and the limited number of architects
and engineers that have the capability to deal with new technologies and standards in NZEB. Attia
appends that system choices such as HVAC systems remain problematic even for expert
mechanical engineers as every option involves abundant complexities and pitfalls (8).
The complexity that arises from the need to combine passive and active systems early on in the
design process to minimize the building’s energy use, whilst aiming to achieve maximum IEQ and
occupant comfort, adds another challenge. Integrating passive and active design aspects in early
design phases is extremely complex, time consuming, and requires a high level of expertise and
software packages that are not available. Coupled with design decision stress, the challenge is
evident.
As illustrated by the previous paragraphs, insufficient experience and knowledge with regard to
NZEB is problematic for successful building design, construction and operation. This is, amongst
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other factors, one of the dominant reasons why the DBB approach is a bad practice that should
be replaced by an IPD approach. Incompetence in the design phase, most notably adopting a
fragmented over a holistic approach, largely determines the outcome of the project. Lack of
experience and know-how in the construction phase of a NZEB often leads to poor quality of the
building and associated performance losses (most notably to bad envelope construction and
insulation). Building handover from the contractor to the operator imposes another challenge,
often resulting in inadequate operation of the building and, in turn, performance jeopardization.
Although IPD and adopting a whole-systems approach to develop NZEBs is aimed at integrating
and expanding knowledge to overcome these struggles, it is a fact that NZEB technologies are
relatively new. Knowledge gaps and lack of experience are structural problems in NZEB.
Therefore, the establishment of best practices and the development (and diffusion) of integrated
knowledge is something that needs to evolve over time.
Insufficient Quality Control
Insufficient control and coordination to ensure that quality is guaranteed imposes a challenge to
the performance and comfort of a building in all four building stages. Quality assurance is an
extremely important measure to ensure that the building’s installations, systems and components
operate as intended (8). The risks that are associated with the neglect of quality assurance can,
amongst other things, lead to poor construction quality (8,35). This bears risks that include air
leakage, poor insulation and thermal bridges; which negatively impacts the buildings
performance and comfort experienced by occupants (8).
Certification Pitfalls
Although certification commitments tend to improve a building’s performance, there is also a
significant pitfall related to certification. Commitment to certificate (e.g. BREEAM) namely often
leads to the false perception that once a rating/certification is obtained, the building is inherently
sustainable. This is often not the case (8,35). Prerequisite credits that require minimum
performance standards in key performance areas have enhanced the credibility of a certificate;
however, the credits are often viewed in insulation, since a project team can ‘pick-and-choose’ the
combination of credits to reach the certification level threshold (35). Credit criteria are extremely
prescriptive, and therefore they limit the opportunity for holistic approaches.
Uncertainties and Modeling
There are many uncertainties that can influence the energy performance and behavior of the
building, which makes adequate modeling a complicated task. To start, occupant behavior
imposes a significant challenge to the building’s performance as it is a highly unpredictable factor.
The constant variation of occupant behavior and the intensity with which building spaces are
used increase the uncertainty of how the facility will be used. Failing to predict occupant use and
behavior or failing to engage with and educate occupants to maintain the performance
requirements is a significant challenge, leading to negative impacts on the building performance
(performance gap) and IEQ.
Another challenge arises in the uncertainty that is related to climate variability. Designers often
use climate classification systems, indicators or daily comfort deviation thresholds to human
comfort to assess a certain climate (8). However, with climate change and intensive urbanization,
we are faced with microclimate alterations world-wide that jeopardize the accuracy of those
classifications. As an example, Attia (8) addresses the Köppen climate classification. The Köppen
climate classification is one of the most popular ways to understand the climate of a new project
site location. However, it is sometimes far from real world measurements.
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As we have encountered before, overheating is a frequently recurring problem in NZEBs.
Uncertainties related to thermal variations due to climate change, but also because of problems
such as the urban heat island effect, are challenges that have a negative influence on the IEQ of a
building. This, in turn, often results in undesired occupant behavior (e.g. opening windows) which
can jeopardize the buildings energy performance. This is just one of the examples of how
uncertainties – which make adequate modeling a difficult task – complicate the establishment of
robust and well-performing NZEBs.
Political
First of all, the lack of a common definition of what NZEBs precisely entail imposes a challenge on
the legal enforcement of establishing NZEBs. Project developers are free to handle an open
interpretation of the concept, which most likely results in buildings that are not as sustainable as
they should be. Moreover, political incentives such as the EPBD 2010 (Section 2.4) are focused on
operational energy and carbon only and do not contain any ambition or legally binding targets
with regard to material use and embedded carbon/energy. This will be elaborated upon further
in Chapter 5 – Discussion. On top of all that, there are of course political (and, interrelatedly,
financial) motives that are related to energy security and provision that can hinder the uptake of
and support for NZEBs. Overcoming these challenges is incredibly difficult as they are rooted in
the system. The lack of a consistent and coherent global government policy related to NZE
building puts the faith in the hands of the industry to take the lead and realize the transition
towards a energy-neutral or ultra-energy efficient built environment (8,35).
Financial
As time and budget are often limited in building projects, the project team tends to get focused
more on minimizing costs than on incorporating sustainability measures. The challenge that this
imposes on the delivery of sustainable buildings is obvious. This focus on value, however, is
purely focused on capital cost management. It is therefore important to consider the costs
(economical, environmental and social) that a building imposes throughout its entire life span
(the whole life cycle approach). However, when budgets are tight and the team is faced with
decision-making stress, the jeopardization of sustainability is not surprising.
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4.3 NZEB Key Success Principles from Literature
As we have seen, delivering successful, comfortable, flexible and robustly performing NZEBs is a
difficult task due to many (interrelated) challenging factors. The main challenges related to
NZEBs are the performance gap, the Sick Building Syndrome and decision making stress.
Challenging as these problems already are, even more so are they overshadowed by more
structural, technical and political challenges. Besides enhancing our awareness of the
complexities, however, this literature analysis has enlightened us with starting points for
successful NZEB project development. They are synthesized and presented below, in text and in
Framework I presented at the end of this chapter.

4.3.1 Synthesis
Project Design
Integrated Design Team / Integrated Project Delivery
First and foremost, integration of the design team and adopting an integrated project delivery
approach is essential to address the most structural challenges related to NZEB such as the
performance gap. Integration of the team and of all processes allow for knowledge and experience
sharing, and ensures that attention is granted to details in a holistic way. This allows for the
development of all-embracing, fit-to-purpose NZEB designs. The multidisciplinary character of
the design team is essential to get the most and highest level of quality for all building components
and systems (40). Establishment of a genuinely sustainable and well-performing building is
critically dependent on this collaborative and multidisciplinary approach, with a team that has a
shared vision and holistic understanding of the key objectives. Follow-up of the integrated team
during the entire life span of the building is critical to be continuously alert on reaching these
objectives. This leads us to the following successful practice.
Vision, Goals, Targets
First of all, in general terms, setting a consistent definition and framework of NZEBs is crucial to
comprehend their performance and functional use. Moreover, an unambiguous definition greatly
benefits the design team and process as it stipulates a focus on the essential design parameters.
The formulation of specific goals and establishment of clear and measurable performance
indicators and thresholds is essential to track performance and ensure that the building performs
as it should.
Modeling and Simulation
Modeling and simulation is essential to test alternatives and optimize NZEB design. As we have
seen, there are many uncertainties with regard to thermal variations and occupant behavior.
Testing different occupant-related scenarios through the execution of rigorous occupant-use
analyses is therefore essential. In addition, it is a serious necessity to conduct fundamental
climate characterization before designing NZEBs based on recent and climate sensitive indicators
and temperature thresholds that represent the microclimate of the project site.
It is critical to incorporate these uncertainties through extensive modeling and simulations, and
design for adaptable buildings with minimized performance deviations. The use of BPS has
proven to be a valuable instrument in reaching this objective of fit-to-purpose design solutions
that guarantee IEQ (8,80). Proper design based on the incorporation of deviations will reduce the
risk of overheating, where special attention needs to be granted to HVAC sizing and the
envelope/façade (8). Visualization of the building’s performance through VDC is a good practice
to effectively communicate design principles with the team.
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Performance-based and integrated design
The performance-based and integrated design approaches have been introduced as powerful
instruments to integrate components, systems and solutions of NZEB that are focused on
delivering a well-performing building with attention to detail. It allows designers to intentionally
use design to offer solutions to challenges related to energy efficiency and IEQ. It requires the
establishment of KPIs and thresholds in early design phases to develop robust performance in
the operation phase of the building.
The integrative approach to develop solutions redresses knowledge gaps and increases the
chance of correct operation practices. Focusing on performance optimization (for energy
efficiency as well as IEQ conditions) to determine the building’s form and integration of the design
process (and follow-up in later stages) are key to address and tackle the performance gap – the
most structural and deeply rooted problem related to NZE building.
Certifications
Obtaining performance-related certificates (most notably BREEAM and LEED) ensures
performance quality through external validation. Certification is therefore an important practice
to test whether or not the building meets performance requirements, especially at the end of the
construction phase through final commissioning. It is, however, important to avoid the previously
introduced pitfalls related to certifications schemes. To avoid the risk of overlooking the factors
that matter the most, adopting additional KPIs to ensure performance is important.
Construction Planning
Whole-systems approach / Circular building approach
The most important and overarching key success principle in the construction phase is the
adoption of the whole-systems / circular building approach. A lot of waste is generated through
construction practices, which can be significantly reduced through the adoption of these
approaches. Constructing the building for disassembly aimed at reusing its components later is
an extremely important factor if it is the aim to deliver a genuinely sustainable building.
Modularity and Prefabrication
Form-follows-performance should be the rule of thumb upon the design and construction of
NZEBs. The use of modular and prefabricated building components is key. Not only are they time
and cost efficient, they allow for easier demolition and enhance the reuse and upscaling potential
of material.
Material Selection
It is important to critically think about the quality and sustainability of construction material.
Special attention should be granted to embedded energy. Ecological material (hemp, timber,
wool, bamboo, etc.) should be used as much as possible. Material should be critically analyzed
with regard to current as well as future cost implications. LCA is a valuable tool that should be
applied to determine the environmental impact of used materials.
Procedural planning
To ensure IEQ and building performance, a procedural framework should be planned, designed
and followed during construction to minimize deviations and errors with regard to neglect. Onsite supervision and quality assurance is essential.
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Qualified Personnel
The construction of NZEBs requires qualified constructors that are trained and experienced to
work with complicated technologies. Special attention needs to be granted to the correct
construction of all matters related to insulation. The construction quality of especially NZEBs
must be very high to prevent infiltration, heat transfer or deterioration of HVAC systems. Besides
qualified personnel, a quality assurance supervisor/team should oversee the construction
process to avoid poor construction quality and its associated problems.
Planning for Operation & Maintenance
Occupant training and awareness
NZEBs and EE-HPBs require pro-active occupant behavior that is in line with the building’s
performance requirements. As we have seen, uncertainty with regard to occupant behavior
imposes a serious challenge to meet performance and IEQ requirements. Occupants need to be
able to interact with the building to be able to, or have the perception of being able to, make
adjustments to their environment to increase their comfort. This, in turn, make it an absolute
necessity to provide the building’s occupants with training to ensure that they use the building
correctly. Awareness raising through the installment of energy performance dashboards or other
similar incentives is an effective way to increase occupant engagement and stimulate desired
behavior.
Maintenance
Maintenance is especially important to increase the likelihood that the building’s components and
installations are of sufficient quality to be reused, in line with the whole life cycle/circular
approach. Source control and filtration maintenance protocols should be designed early on in the
process and assigned to facility managers. Adequate maintenance increases the longevity of the
building and it’s components, and decreases the chance (and impacts) associated with system
failures.
Soft Landing
Adopting soft landings in the operation phase of the building is crucial. Integration and follow-up
of the IDT ensures the building is operated as intended, that knowledge is applied and diffused as
it should, and overcomes a lot of the challenges that frequently arise when the building is handed
over to the operator after construction.
Monitoring and Evaluation
Real-time and continuous monitoring and evaluation of the data is important to track the
building’s performance and make alterations if necessary. Monitoring and evaluation allows for
validation and quality assurance of energy performance as well as IEQ (IAQ, thermal comfort,
lighting and acoustic environment). Besides performing data analyses, surveys and
questionnaires should be distributed amongst the building’s occupants to address remaining
issues.
Post-Occupancy Planning
Adopting a materials passport and updating the passport at the end of the buildings life cycle is
important to be able to bring its reusable components on the market. For the same reason,
building needs to be dismantled with care. The development of a well though-out deconstruction
plan is important to ensure deconstruction practices proceed as intended.
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4.3.2 Framework I: Key Success Principles in NZEB project development (Literature)
Design

Construction

Operation and Maintenance

Post-Occupancy

Integrated Design Team and
Project Delivery. Avoid the
traditional DBB and adopt an
integrated approach to the
organization of the project team
and the entire project.
Engagement of the team in all
building phases is key.

Whole-systems Approach /
Circular Building Approach.
Construct a building for
deconstruction/disassembly or
flexibility. This includes the use of
modular components and
prefabrication, as well as
reversible connections.

Materials passport updating at
the end of the building’s life cycle
is important to be able to get
building components and
structures on the market and
allow them to be reused.

Design-Build Contracts.

Resource-centered thinking to
minimize embedded energy.

Occupant education and
awareness: to encourage
sustainable behavior of the
building’s occupants in line with
the intended building use, they
need to be educated on how the
building works. Awareness
measures such as energy
performance displays are an
effective way of encouraging
sustainable behavior.

Material Selection: chose
materials based on their
environmental impact and
reusability. Maximize the use of
eco-materials.

Soft Landings are important to
ensure the building is operated as
intended and desired. Follow-up
of the IDT in the operations phase
is crucial to achieve this.

Adopt a materials passport,
listing all used materials and their
characteristics

Simplicity in operation.

Clear formulation of vision,
goals, targets (especially KPIs)
and energy concept. This is
essential to track (and improve)
the building’s performance.
Performance-Based
Contracting ensures that the
building performs well.
Modeling and Simulation needs
to be granted special attention,
with a focus on climate modeling.
Certification: building
certification schemes (BREEAM,
LEED, etc.) are important to
ensure the quality of a NZEB by
an external organization. Be wary
of the pitfalls associated with
certification (§4.1.2.1).

Adopt pollution
prevention/management plans
to minimize environmental harm.

Maintenance: adequate
maintenance of the buildings
installations and components is
important to allow them to be
reused.

Ensure the qualification and
capabilities of construction
personnel. This is essential to
deliver a NZEB that lives up to
performance targets.

Monitoring and Evaluation:
continuous M&E of performance
data is essential to reach
performance targets and make
adjustments if necessary.

Disassembly and reuse:
carefully dismount the building in
such a way that components can
be easily reused and optimize the
upscaling potential of building
components.

Deconstruction plan: develop a
clear strategy for the
deconstruction/disassembly of
the building. Grant special
attention to the limitation of
pollution (dust, noise, light) and
the stability of the building.
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Chapter 5 Expert Interviews
To further deepen, contextualize and complement the success principles as identified in the
literature review (Chapter 4), seven expert interviews have been held. The results provide an
answer to RQ2. Table III.1 in Appendix III lists the interviewees and their function, background
and expertise. In this chapter, the experts will be referenced to and quoted with their initials. See
Table V.1 in Appendix V for an overview of the interviews: the expert names, their reference in
this chapter, communication type, interview date and interview duration. Although it was
possible to identify success principles through the literature review by means of a thorough
analysis and synthesis, literature on actual best practices in NZEB falls short. Therefore, experts
have been selected and interviewed to address key success and challenge principles in the
development of commercial NZEBs, and specifically office buildings. The results are also
applicable to other commercial low- or no-energy impact buildings. Rather than repeating the
success principles identified in Chapter 4, this chapter will address the practices that confirmed,
complemented, contradicted or contextualized the findings from literature, supported by quotes.
The success principles addressed by the experts mostly followed from challenges that they first
addressed. Therefore, Chapter 5.1 first presents the challenges and complexities that surround
NZEB as identified in the interviews. Accordingly, Chapter 5.2 presents the main success
principles proposed by the experts that could overcome these challenges. Finally, Chapter 5.3
concludes with a synthesis of key success principles in NZEB in Framework II.

5.1 Main Challenges
The seven experts that have been interviewed addressed various challenges, complexities and
frustration related to the design and development of NZEB projects. Essentially, the performance
gap is the overarching theme that caused most frustration and, therefore, requires the most effort
to be overcome. The performance gap is a complex, deeply rooted issue in NZEB. The experts
unanimously agreed on that. However, the performance gap is an overarching theme rather than
one specific challenge – the gap masks a multitude of underlying problems.
In turn, the most evident and widespread challenge that leads to the performance gap is a nonintegrated design approach. The other overarching themes of challenges as identified by the
experts are the lack of a NZEB definition and the perception that the realization of large, multistory NZEBs is technologically infeasible. The multiplicity of challenges and their interrelation
illustrates the complexity of the challenges that surround NZEB. Figure 5.1 on the next page is a
visualization of the main challenges that surround NZEB as identified by the interviews. They will
be elaborated upon below.

5.1.1 Lack of NZEB Definition
“If we don't have a common definition, most probably this would delay reaching the goal of reducing
the energy use consumption” (S.A, personal communication, 11.06.2018).
The lack of both a universal NZEB definition and a project-specific NZEB definition is problematic
for various reasons. First of all, without a universal definition of NZEB, every country and every
project developer creates its own definition, which would lead to serious discrepancy between
countries and even within nations (S.A.). If the concept allows for open interpretation and there
is no standard for energy calculations, it is nearly impossible to compare buildings and to make
statements on their performance. (S.A., M.K.). However, S.A. also specifically addressed the
complexity of developing a universal NZEB definition, which can a.o. be attributed to the varying
energy mix and energy history amongst nations leading to politically influenced definitions (S.A.).
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Figure 5.1 Main Challenges in NZEB as identified by experts.
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“The good news here, the EUI, this indicator is recognized world-wide. So at least the international
community managed to communicate the same numbers” (S.A, personal communication,
6.11.2018).
The current lack of a universal NZEB definition or standard allows project developers to define
their own standards for NZEB, and accordingly, allows them to pick their own way of calculating
the energy loads that make up the balance. This, in turn, leads to ambiguous NZEB claims and
energy models. Therefore, the energy performance of buildings can never really be compared as
true ‘apple-to-apples’, as many projects try to manipulate their energy reporting by either
showing design values rather than actual values, or by ignoring major components of the energy
numbers (M.K.). As noted by S.A. and A.K., oftentimes only the energy needed to run the building
pre-occupancy is taken into account, whilst computers, data and other IT-related services are left
out of the equation. This is, of course, relevant in the case of office buildings.
“[…] In today's office buildings, we are all connected to the internet, to computers, to servers, backups, and so on - and data servers are one of the most growing new elements that consume a lot of
energy and even more in the future. And nonetheless, many people exclude them from the
calculation. This is a problem” (S.A, personal communication, 11.06.2018).
J.S. and E.U. noted that when they calculate the total energy demand of the building (and based
on this, determine the NZEB-status), indeed only incorporate the energy that is needed to keep
the building running without occupant-use. This entails lighting, ventilation, heating and cooling,
automated systems – all energy needed for the building to function in its basics (A.K.). E.U. noted:
“in the marketing mumbo-jumbo, when people say that they have an energy-neutral or energypositive building, they mean the building as such […] But as soon as people go into the building, and
all machines, computers and displays start using energy, that building is never going to be energyneutral when you take all of that into account.” (E.U., personal communication, 19.06.2018). T.S.
confirmed that this is indeed often the energy calculation in practice.
Without a clear definition of what NZEB entails in the project, it also becomes difficult to couple
clear goals and targets to the project. Without clearly established targets, in turn, it becomes
difficult to accurately track the building’s performance (M.K., S.A., T.S.). Another problem arises
with regard to the definition and related persistence of the sustainability goals for the building.
This is linked to the need of an Integrated Design Team (IDT), in which the building owner is
included (D.F., T.S.). To elaborate, D.F. addressed the following:
“[…] We need to understand what the owner’s aspiration for the building is. And in the case of NZEBs,
we need to know what their definition is. How important is energy to them, how important is being
sustainable to them? They will all say it's very important, but it comes to the crunch, they might
decide that their priority is speed or something else. Far too often we see sustainable methods get
pushed down the priority list (D.F., personal communication, 24.05.2018).

5.1.2 Performance Gap
The performance gap was addressed as a major challenge in NZEB or other types of highperformance buildings by all experts. First and foremost, many issues that lead to
underperforming buildings is the adoption of a non-integrated design/project delivery approach
(M.P., D.F., A.K., S.A., J.S., E.U., T.F.).
Non-Integrated Design Process and Project Delivery
As far as integration of the information and people in the project is concerned, the main issue at
hand is related to miscommunication, cross- communication and/or the lack of communication.
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If the design team, the construction team and the operation and maintenance team work
separately from each other rather than being integrated, problems will appear with regard to
knowledge loss and deviation from the original plans (M.P., A.K., D.F., S.A., J.S.). If the construction
team is not involved in the design phase, and the design team does not continue their involvement
during construction, the chances of delivering a good outcome and specifically a NZEB are very
low (D.F.).
If the relevant stakeholders in the project development are not included in the design, it is
unlikely to optimize design options (M.P., A.K., D.F.). Without integration of the team in the
construction phase, last minute changes might be made to the intended design due to time and
cost pressures (D.F., A.K., J.S.) and overall constructional quality might be poor (M.P., D.F., S.A.).
S.A. specifically addressed a non-integrated design approach and (related) poor construction
quality as the main drivers behind the performance gap.
Other struggles that jeopardize a building’s performance appear when construction and
operation teams are disconnected at the phase of the building handover (D.F., S.A., J.S., T.S.).
Problems that arise due to the operation and maintenance team not being properly instructed by
the construction (and design) team, have been experienced by various experts. The problems
include inadequate maintenance (D.F., A.K., S.A., J.S.), inadequate building operation (M.P., D.F.
S.A.) and inadequate monitoring and evaluation or wrong data interpretation (M.P., S.A., E.U.). An
example was addressed by D.F. of a project where the operations team sued the construction team
for performance deviations, whilst the operator was cooling the building with the windows open
(D.F.). This is only one example of many discrepancies that arise due to a lack of communication
and integration between the different teams.
Non-Integrated Processes and Systems
“With our buildings, too often we think about them as separate things: we treat the foundations and
the frame and the envelope and the engineering services and the control systems or the windows or
the roofing system, we treat them all as individual things that come together to create the building.
But we have to think of them as one thing. [...] Our buildings have to be seen as a product, rather
than merely a means to an end” (D.F., personal communication, 24.05.2018).
The importance of a holistic, integrated approach to all building processes and systems has been
addressed by all experts. Without integrated and performance-based modeling, chances of
successful, well-performing NZEB delivery are jeopardized (M.P., D.F., A.K., S.A.). As an example
of the problems that can appear when the processes and systems are developed without being
integrated (and without an IDT), A.K. noted: “In one last drawing I got, two pumps were even
running against each other. This is insane. But it happens when you don’t communicate, and when
you don’t integrate the modeling and calculations.” (A.K.).
NZEBs or other low-energy high-performing buildings are not fit to pick-and-choose from
disconnected pieces, but they require an integrated approach (M.P.). A serious problem that
frequently occurs out of the fear of being sued and through wrongful calculations is the oversizing
of especially HVAC-systems (M.P., D.F., A.K., S.A.), whereas Renewable Energy Systems (RES)
might be undersized (S.A.). The oversizing of active building systems result in far greater energy
use than would be necessary (D.F., A.K.). From his experience as a mechanical and electrical
engineer, A.K. noted that time pressure is a significant struggle in the MEP-world, leading to
inaccurate energy calculations for HVAC and other building systems. There is a need for fit-topurpose design, with variable energy supply and demand according to the exact needs of the
building, to design proper NZEBs (M.P., D.F., A.K., S.A.).
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Inadequate Monitoring and Evaluation
“There is a very weak focus on the performance assurance in operations […] Everybody is struggling
so hard to discuss and reach a NZEB definition and set them as goals, but therefore nobody is looking
on how to validate the performance of buildings and make sure they are working as intended. […]
The performance gap in NZEB can reach 50-70-80%, yet in reality this discussion is totally not on
the agenda […] There is a drastic need for more follow-up and enforcement of performance
reporting” (S.A., personal communication, 11.06.2018).
Insufficient, inadequate or a lack of monitoring and evaluation has serious consequences for the
performance of a building. A lack of monitoring and evaluation, or proper data analysis, means
that no amendments are made to the building operations or systems when the building is not
performing well. The observation that the building’s performance is often disregarded after final
commissioning is noted by most experts (M.P., D.F., A.K., S.A., E.U.). The lack of regulation on
mandatory monitoring and evaluation (and reporting) is noted as a problem by S.A. and A.K, as
this “will be the only way to change habits” (A.K., personal communication, 06.06.2018).
“So many projects are designed really well, to the best intentions, but they never actually follow
through because when push comes to shove, schedules and budgets get really tight at the end of a
project and everybody goes separate ways. And then you hand this building over to an operator who
doesn't know the background or how to operate the thing - and then you never actually see the
performance realized; the designed performance in actual measured, metered performance” (M.P.,
personal communication, 22.05.2018).
Two experts (A.K. and E.U.) noted a similar remarkable experience – where the heating and
cooling system were running at the same time, against each other - as a result of inadequate
building operation and a lack of monitoring and evaluation.
Undesirable Occupant Behavior
Another challenge related to the performance gap is the uncertainty of occupant behavior. NZEBs
are designed for building-occupant interaction, but when occupants are not instructed well, when
they feel uncomfortable, or for other reasons, they might not use the building in the right way. A
repeatedly named example is that occupants open windows while the building system is cooling
(M.P., S.A., J.S., E.U.), for example.
“Reality is that people are still using buildings the way we've always used them: if it's warm we open
the windows, if we want more fresh air we open the windows - they don't allow the building
management system to react to the change in their environment and bring more fresh air in or cool
the space. Occupants behave like human beings behave, and that's one thing we can't avoid” (D.F.,
personal communication, 24.05.2018 )
“In such a building, it is a recurring practice that people do illogical things. They start opening the
windows, which might be a wise choice with regard to health and fresh air, but it’s less of a smart
choice when the cooling system is running on full power to cool the building when it’s hot outside”
(E.U., personal communication, 19.06.2018)
The demonstration of undesired occupant behavior will most likely always be a tricky thing with
regard to NZEB as occupant behavior is inherently uncertain (M.P., S.A, E.U.). Besides basic
instinct, the reasons for undesirable occupant behavior named by the experts are a lack of
training or awareness (M.P., D.F., S.A., T.S.), and a lack of communication between the building
operator or facility manager and the occupants (S.A.).
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5.1.3 Technological Feasibility
All experts agreed that NZEB is feasible on a smaller scale, but four experts strongly questioned
the possibility to realize large multi-story NZEBs. The restricted options for renewable energy
generation on the building site, the inefficiency of PV-panels and the challenge of storing
renewable energy were the main reasoning behind this perception (M.P., A.K., J.S., E.U.). The citycontext with shadow limiting the possibility for solar energy generation was addressed by M.P.
and J.S. Covering the energy demand of a multi-story (>10) building with limited space for RES
(predominantly the relatively small roof area) was addressed by M.P. and A.K. specifically. J.S.
addressed the advantage of increased solar energy efficiency on a solar farm to be a reason why
solar energy import is often preferred over solar energy generation on-site, together with cost
benefits (J.S.). E.U., who played a substantial role in the realization of The Edge (Chapter 6.2),
firmly believes in the integration of PVs on the building, but states that these systems would never
be able to cover or exceed the building’s energy demand if all major energy consuming factors (in
occupancy) are taken into account.
Another issue was addressed with regard to the national energy grid. S.A. noted that many
national grids currently do not allow for two-way interaction, which means that the grid only
allows for energy transfer from the utility to the building but can not take it back as this would
destabilize the grid (S.A.). With regard to the net zero energy balance, the export of renewable
energy to the grid is essential to be able to consume the renewable energy exceedances later on
if the need arises. S.A. critically notes that the transformation of national energy grids are likely
to take a lot of years, and that we need to develop microgrids to be able to overcome this challenge
(S.A.).
A last challenge that was specifically addressed by various experts (D.F., A.K., J.S., T.S., E.U.) is
related to sustainable construction material. D.F. noted that the market for ecological, re-useable
or recycled materials is currently underdeveloped and that these technologies have not yet been
sufficiently proven in order to have enough trust in the methods to apply them. Additionally, he
stated that without a market for alternatives, everybody is still going to use what’s easiest to get
as it is not yet seen as a necessity (D.F.). From a constructor perspective, this indicates the
resistance to use experimental materials in buildings due to the risks that are associated to the
delivery of flawed buildings.
From another perspective. J.S. stated that ecological material might need more maintenance and
more energy in total over the life span of a building, and addressed the issue of having to install
more fire insulation and problems related to sound insulation. T.S. and E.U. addressed that the
market for sustainable construction materials is currently lacking, but also noted that this market
is slowly evolving. This includes the market for the re-use of brick and concrete structures (J.S.,
E.U., T.S.). S.A. noted that sustainable construction material will be the future topic for NZEB, but
that the market is overwhelmed with NZEB already as it is and that the sustainable construction
market is still one step too far ahead (S.A.)
Despite several experts doubting the possibility of large-scale NZEBs, S.A. firmly stated that the
realization of even large multi-story (office) buildings is technically possible, yet that it requires
an integration of knowledge and experience and a change in mind-set. However, to get NZEBs on
the market, the NZE community approach would most likely be the way to realize the transition
rather than the individualistic building approach (S.A.).
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5.2 Success principles
Besides an elaborate discussion on the main challenges related to NZEB, the experts also
proposed a variety of successful practices in NZEB project design and development. These success
principles have, again, been organized in line with the four building phases. Most emphasis has
been on the design and on the operation and maintenance phase, and the experts addressed the
least success principles for the post-occupancy phase. Similar to the performance gap being an
overarching challenge, the adoption of an Integrated Design Process (IDP) and Integrated Project
Delivery (IPD) approach is an overarching best practice in NZEB project development as
identified in the expert interviews. This will be presented first.
Integrated Design Process and Integrated Project Delivery
“Project delivery today is sick. It is linear, so the design team hands in the work to the contractor.
Contractor hands it to the owner. Each of those are divorced. So the integrated project delivery
process is the key for any successful high performance building” (S.A., personal communication,
11.06.2018)
All experts have named IDP and IPD as an absolute best practice in the successful project
development of NZEBs. To start, IDP is important in the beginning of the design phase to ensure
that the sustainability goals of the building are well-established, unlikely to become jeopardized
and that the entire project team is and remains aligned towards these sustainability goals even
when time and budgets get tight (M.P., D.F.). Additionally, D.F. addresses IDP and IPD as an
important practice to create responsibility and accountability in terms of the building outcome,
stimulating them demonstrate more effort and think in terms of the outcome rather than their
individual stakes (D.F.).
“For too long, our approach has been to put sticking plasters (band-aids) on our buildings, and not
really design the building with being sustainable or being net-zero from the very first moment. […]
If we're not designing with sustainability or the ambition of the NZEB in mind from the first time we
put pencil to paper - realizing a sustainable building will be very hard. […] Integration really is the
key to any sustainable building, whether it's a NZEB, LEED Platinum or BREEAM Excellent - if there
isn't that holistic approach, we don't get the results we need” (D.F., personal communication,
24.05.2018).
Additionally, M.P. and D.F. recommend to make sure that the design is well-documented and that
the vision, goals and targets include the sustainability or NZE aim, and to get these documents
signed by the entire project team to ensure the processes will be executed as intended (M.P., D.F.).
The integration of information is an important practice to communicate within the team and to
make sure that everybody is on the same page (M.P., D.F., J.S.). Typically, the information is
integrated in one main source (usually a virtual model), which ensures that the entire team starts
with the same information and have the same idea of what they are going to develop (D.F.). The
integration of people and knowledge is essential to make sure that the building design is
optimized, that the design is stuck to in the construction phase and that the operation phase will
be a smooth transition with sufficient support (M.P., D.F., S.A., J.S.). Integrating the processes and
the systems is equally as important to develop optimized systems and design, and to make sure
that changes in one system don’t negatively affect other systems (M.K., D.F., S.A.). Building
systems need to be integrated from every angle to end up with any type of high-performance
building (D.F.). Besides preventing errors, IDP/IPD can also be valuable for creative and
innovative design solutions, such as the water feature in Manitoba Hydro Place (Chapter 6.1).
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“ […] The integrated approach is a key, a very fundamental best practice, and how we integrate the
delivery of a building from end to end requires much more thought than we typically give it” (D.F.,
personal communication, 24.05.2018).
Another crucial benefit of IDP / IPD is quality assurance throughout the project (M.P., D.F., S.A.),
for design, specifically construction, but also in the operation phase with regard to building
systems operation and – importantly – maintenance. Additionally, D.F. and S.A. address the
importance of an integrator in the team, someone “who is sensitive to the real performance of the
building [...] without this disciplinary egoism […] just focused on the building and delivering a quality
building for user and for nature” (S.A., personal communication, 11.06.2018).
Specifically as a solution to the performance gap, S.A. addressed the following message:
“Just simply so this message here is clear: integrated project delivery together with performancebased contracting is essential to make sure that the design team, the contractor team and the owner
will communicate together from day one, and look for optimal solutions to reach the
performance” (S.A., personal communication, 11.06.2018)

5.2.1 Design
NZEB boundary, Vision, Goals and Targets (MP, DF, SA)
“[…] there is so many different standards. You can draw a boundary around your site and you can
have net zero energy specific to a site, you can look at the specific footprint of the building, you can
look at net zero with respect to allowing for off-sets, so it all depends on your definition.” (M.P.,
personal communication, 22.05.2018)
Defining NZEB, the establishment of the NZEB boundary and development of a clear vision, goals
and targets are important to be able to clearly communicate and test the building’s performance
in terms of the intended targets (M.P., D.F., S.A., T.S.). Aligning the (integrated) design team
towards these goals and targets, together with certification aspirations, are important factors to
better the building’s performance (S.A.).
Designing for disassembly has been named as a good practice to base NZEB design upon by D.F.,
A.K., S.A. and J.S. specifically.
Energy conservation
Orientation
The determination of the building’s orientation for either maximal or minimal solar exposure
(depending on heating or cooling dominated buildings), to minimize heating or cooling energy
demand, was named by all experts as a first step in successful NZEB design. In the Northern
Hemisphere, optimal solar gain will be achieved on the façade directed at the south, and the other
way around in the Southern Hemisphere. J.S., E.U. and T.S. addressed examples of office buildings
and how the office space was critically designed in relation to direct sunlight and overheating
risks. In the KPMG Headquarters (developed by J.S.) and in The Edge (E.U. and T.S.), the office
spaces had been positioned on the north side of the building with the least direct sunlight to avoid
overheating (whilst providing enough daylight through glazing). In Manitoba Hydro Place (M.P.),
on the other hand, the offices and glazing were pointed directly towards the south for maximal
solar gain, whereas the northern side of the building had minimal surface to avoid losing the heat.
These are examples of passive design to optimize site potential through smart architectural
choices and orientation (M.P., S.A., T.S.).
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“The next thing you want to look at in a building like that, is to look where you place the different
premises: the offices, the meeting rooms, the cafeteria - because the offices where you'll sit the most
of the day have to be placed towards either the east or north to the largest extend possible14. Because
these are the coolest facades and you have sufficient daylight in order that you don't need artificial
light that much and you avoid overheating of the premises” (J.S., personal communication,
18.06.2018).
Daylight optimization has been named by all experts as a best practice with regard to minimizing
energy demands through passive systems. An additional remark was made by J.S. with regard to
passive shading through modification of the façade to protect the windows from direct sunlight.
In The Edge, the PV-panels were used as passive shading devices, as another example (E.U.).
Envelope
Adequate insulation of the envelope was named by all experts as an important success factor
when it comes to energy conservation. The design and construction of the envelope needs special
attention, integrated modeling and requires quality assurance (M.P., A.K., D.F., S.A.). “The building
the demand can only be reduced by having a good façade; either insulation, glazing, shading, and
maybe sun protection glazing, whatever kind of system or what kind of technology you need to take
into account”. (A.K.) Additionally, A.K. makes a critical remark with regard to over-insulation,
as this will rather lead to overheating or overcooling, and thus more energy demand (A.K.).

Other Passive
Passive solar heating, passive solar cooling, passive ventilation and passive air treatment in form
of (de)humidification are important practices to minimize the building’s energy demand, often
also leading to healthy indoor environments (M.K., D.F., S.A., J.S.).
Active – Energy Efficiency
All experts addressed the importance to make especially HVAC and lighting systems as efficient
as possible. A.K. drew special attention to heat pump efficiency. J.S. called upon a good practice to
reach out to experts from other companies if you want a state-of-the-art system, make them an
offer and take out the competitive advantage of the market.
“For some advanced systems that require great professionality, e.g. the design of ventilation systems
in large commercial buildings, it is best not to tender everything out to subcontractors for market
competition, but to engage another high-status independent company to design those systems.
Initially this requires a little more investment, but these systems are likely to be more efficient,
whereas if the consulting engineers would design such a system it might cost more in the long term”
(J.S., personal communication, 18.06.2018).
Renewable Energy
With regard to renewable energy, the integration of renewable energy systems onto the building
is regarded as a best practice (S.A.). When integrating PVs onto your building or onto the site,
specific attention must be granted to maintenance and regular cleaning to avoid productivity and
efficiency loss (D.F., S.A., J.S.). Heat pumps were noted as efficient systems by M.P., A.K., S.A. and
S.A. specifically.

14 J.S. addressed this for a building that requires most energy for cooling. In buildings that require most energy
for heating, e.g. Manitoba Hydro Place, the opposite reasoning applies where it would save most energy (and
optimize comfort levels) to locate the office spaces near the southern façade for optimized solar gain.
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Modeling and Simulation
The unsustainable practice of oversizing (active) systems and inadequate energy calculations
addressed in the challenges call for the need to adequately calculate energy and performance
requirements and to intensively model – with the integrated team (M.P., D.F., S.A.). The oversizing
of systems due to fears of getting sued or due to incorrect calculations must be minimized to limit
the building’s energy use. Rather, energy and performance calculations, models and simulations
must lead to fit-to-purpose system sizing (M.P., A.K., D.F., S.A.). As an important practice for
energy calculations and modeling, D.F., A.K. and S.A. advise to first take a critical look at all energy
that is needed for the building to operate, list this in a table, and take the time with the integrated
team to figure all of it out.
S.A. made a critical remark with regard to occupant density, urging the designer to take occupant
density (Occ/m2) into account when sizing the systems. If the occupant density in one building is
twice as high, that building would also require double energy demand (S.A.). As another remark
with regard to sizing systems, S.A. advices to oversize RES, as a contrast to HVAC and lighting.
As an example of optimized design through extensive and integrated modeling, M.P. notes: “it's
not a series of individual measures that can be evaluated one at a time, its really this idea of the
whole integrated system rather than some of the parts […] it's not like you're evaluating the highquality building envelope by itself: because if you would look at it by itself maybe you don't see the
advantage of having such an expensive curtain wall or a double facade […] but that facade allows
us to have a lower amount of heating/cooling demand because the envelope performs so well that
it reduces the requirement for h/c which means that we can go to a cheaper h/c system” (M.P.,
personal communication, 05.06.2018).
Performance-based Design and Contracting
Performance-based design has been addressed as an important success principle specifically by
M.P., A.K. and S.A. S.A. emphasized the importance of IPD, and stated that “the only way to enforce
the integrated project delivery, is to adopt performance-based (design-build) contracts” (S.A.).
Moreover, by integrating the architect and the energy modeler in the same team, the architectural
approach will become more objective and functional rather than subjective and aesthetically
driven (S.A.).
Indoor Environmental Quality (IEQ)
Providing healthy, comfortable buildings was addressed by all seven experts, and specifically
listed as a best practice in NZEB by six (M.P., D.F., S.A., J.S, E.U., T.S..). M.P. listed a supportive
environment with plenty of daylight and high-quality ventilation as important principles to
construct high-quality office spaces that maximize productivity in NZEBs. This statement was
supported by D.F., S.A., E.U. and T.S.
Providing IEQ has not only been addressed as an important practice to satisfy occupants and
minimize their complaints, but also specifically for financial benefits (M.P., D.F., A.K., S.A.).
“The biggest operating cost of a building is the people that are in it. […] even a small improvement
to reduce sick time, keep people more alert, more energized, and work more effectively, even a 1%
improvement in their productivity can compensate energy costs right away” (M.P., personal
communication, 22.05.2018).
Designing for IEQ with an Integrated Design Team (IDT) to be aware of the systems and how they
influence each other was named as an important practice by M.P., D.F. and S.A. As an example for
acoustics, M.P. addressed the following:
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“Often, acoustics are left until the very end, and you have all these hard surfaces of concrete, glass,
but the acoustics are really poor. If you integrate acoustic solutions early on, then you avoid a lot of
problems that appear at a later stage” (M.P., personal communication, 22.05.2018).
Additionally, S.A. noted that the definition of comfort and the occupant expectations are very
important, which will differ from country to country (S.A.). Designing for IEQ increases the wellbeing of the building’s users, their productivity, less sick-time and thus financial savings, less
complaints, and by providing IEQ occupants will likely need to alter their environments less,
impacting the energy demand of the building.

5.2.2 Construction
The first and most overarching success principle related to the construction of a NZEB is the
adoption of the Whole-Systems Approach or the Circular Building Approach. The main idea
behind this approach is the minimization of embedded energy in material use. Constructing for
deconstruction or disassembly has been addressed as a best practice in order to preserve the
value of materials; financially and environmentally (D.F., A.K., S.A., J.S.).
Prefabrication
Prefabrication was named as a best practice by all experts, for financial benefits, efficiency and
sustainability in terms of easy disassembly.
“NZEB can be cheaper than conventional building. On one condition: if you select the right
construction system. You have to do prefabrication, it is the only way. Construction on-site is labor
intensive, it takes time, and it requires a lot of integration and cooperation. In an open site, it's very
difficult. So the only way to guarantee the quality and reduce the price, is to do prefabricated units,
and assemble on-site.” (S.A., personal communication, 11.06.2018)
Material Selection
Prior to the construction, there should be a detailed design plan with all planned products and
materials (A.K.). Re-use of materials to minimize the energy impact is regarded as a key success
principle by all experts. Re-used, recycled or ecological material should preferable be imported
from nearby locations (M.P., D.F., S.A.). S.A. recommends to use as much ecological material as
possible, and recommends materials such as hemp and unbaked clay, although the sustainable
materials market requires some time to develop (S.A.). E.U. noted that he thinks building with
timber constructions will be the future, and noted that concrete and gypsum are increasingly
becoming circular materials that allow for re-use (E.U.). J.S. notes that wood structures also
require other walls to bear the loads, more internal walling, more fire insulation and more sound
insulation, and recommends to be very critical (J.S.). Additionally, the reuse of bricks and concrete
by using mechanical joints and dissolvable binders was regarded as a success practice by J.S..
S.A. makes another critical remark with regard to the pitfall of ‘doing bad by doing good’, meaning
that sometimes NZEBs are getting insulated very well, but that this insulation contains toxic
materials which will eventually cause environmental harm (S.A.). This is one of the reasons why
he proposes to use ecological material, also for insulation. J.S. critically remarks that upon
assessing the impact of material and LCA should be performed not only for the manufacturing of
materials, but also for transport, maintenance and destruction, and that this evaluation should
determine which materials will have the lowest impact (J.S.). Adopting a materials passport is
regarded as an important practice by D.F., A.K., S.A., J.S. and T.S. J.S. specifically addresses the
business case of circular building, illustrating that it has several financial benefits.

76

Quality Assurance
Quality assurance in the construction phase is named as a very important practice, as insufficient
construction quality is currently a major reason for disappointing performance (S.A., D.F.). A first
step in quality assurance is to commit to certification, as this will enforce an extensive quality
checking at the end of the construction phase (S.A., T.S., E.U.). For certification specifically, J.S.
recommends the DGNB certification system over BREEAM or LEED.
“Usually, you have to pay very close attention to the contractor if they live up to their promises in
terms of sustainability during construction […] but because there was an objective, external third
party with regard to the certification (which we both wanted), all went according to the planning
and the agreements and everyone did what they had to do” (T.S., personal communication,
25.06.2018).
Another important practice to ensure quality construction is to have a fully thought-out,
achievable and realistic construction plan, developed in the design phase (A.K., D.F.). Moreover,
quality assurance checking on-site is extremely important to make sure that everything is
installed as intended (D.F., S.A., E.U.). Related to this is a recommendation by S.A. to take a critical
look at the capacity of your construction workers. As S.A. notes, oftentimes important
construction tasks (predominantly the installation of insulation) are carried out by unqualified
personnel, oftentimes people who can not read and write, but the installation of something so
crucial that influences the performance of buildings must be done by qualified people who can
assure quality (S.A.). This can be solved by prefabrication in factories and on-site assembly, and
training and capacity building of construction workers.
“So all I'm saying here is to be aware about the workers. They are a very important part of the
success, they are a part of the builders team, and if we don't work on capacity building for those
people and if we don't educate them and train them, they will be the first people that will replace
the insulation with empty plastic bottles. If you don't install the insulation correctly, this entire story
of NZEB that we're working on and talking about, it will be for nothing. “ (S.A.)

5.2.3 Operation and Maintenance
Occupant Engagement
Occupant-building interaction is important in NZEB. Training occupants on how to use the
building properly is regarded as a best practice by M.P., D.F., S.A., T.S. and E.U.
“Occupant education and training needs to be improved, hugely, hugely […] after handover we have
to rely upon another partner to educate the users, which is what's exciting about things like energy
monitoring having displays […] that needs to be incorporated into our thinking as well - how we
involve people in the building, about how the building is performing and what kind of environment
they're in.” – D.F.
Awareness raising is another important factor, which can be done by installing displays or
dashboard in the building, or presenting this information to the building occupants through
digital information (M.P., D.F., S.A., J.S., T.S.). To stimulate efficient and sustainable behavior, a
competition related to energy performance could have a positive impact (J.S., T.S.). Display of
indoor temperatures or humidification levels proved to be a good practice to reduce occupant
complaints, as illustrated by D.F. in the following statement:
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“I've been to buildings where people thought they were too warm or too cold, and then we've taken
readings and the temperature is 21 degrees. So they should be perfectly comfortable. So rather than
leave them guessing, one of our solutions was to put a really big display on the wall that displayed
the temperature and all the complaints stopped” (D.F.).
S.A. takes these statements one step further, stating that without dashboards and personalized
control systems to inform users on how much energy they are using and whether or not targets
are being reached, the NZEB will fail (S.A.). A booklet or a digital program to inform the building’s
occupants how to use the building in combination with close interaction of the facility manager
and the building’s occupants are important to create the right occupant behavior (M.P., D.F., S.A.).
S.A. specifically addresses the importance of interventions and to communicate when targets are
not met, to increase awareness and stimulate the right behavior. Although automated systems
might have benefits in terms of reducing the uncertainties that relate to occupant behavior, all
experts agreed that manual override of automated systems and having individual control over
surroundings are necessities.
Maintenance
Adequate maintenance of a NZEB is extremely important: both for the performance of the
building and for the reusability of materials at the end of the building’s life cycle. The
disconnection between construction and operation is a large factor that contributes to inadequate
maintenance (M.P., D.F., S.A., J.S., T.S.). As a specific best practice, D.F. notes:
“Far too often we see corners being cut – so a best practice would be, as we move into a virtual world,
to leave te owner with the virtual model of the building, to assign all of the assets in that building
[…] with an asset tag and for each of those assets, if you click on the model on the desktop, it will pop
up with the information of when it was installed, when it needs to be maintained, where it was
bought from, what day it was manufactured, what day it was tested, that's all inherent in that
information that we leave the owner; which is the responsibility of construction company” (D.F.,
personal communication, 24.05.2018).
The adoption of a materials passport, preferably integrated in a virtual model of the building, for
maintenance and for disassembly is regarded as an important practice in NZEB (D.F., J.S., S.A.,
T.S.), specifically in the future. In the urban context, specific attention should be granted to the
efficiency of PV systems with regard to dust, faeces, plants, birds, etc. (S.A., J.S.).
Monitoring and Evaluation
Continuous monitoring and evaluation, subsequent reporting, and making intermediate
amendments in case of performance errors is regarded as a best practice by all experts. A.K.
recommends to use submetering for monitoring for all major energy consumers (A.K.). S.A. urges
that submetering for consumption on different levels of the building is necessary, not just on total
energy but for all major energy consuming systems (S.A.). To facilitate the M&E process, M.P.
advices to set up an extensive measurement & verification plan. Follow-up of the team in the
occupancy phase for monitoring and evaluation is widely agreed upon as an important practice
(M.P., D.F., S.A., T.S., E.U.).
A.K. and S.F. specifically address their desire for code regulations and mandates that enforce
monitoring and evaluation (and measurement and verification reporting). To quote A.K.:
“In any case, there should be enough, but not too much, equipment to always monitor the main
consumers […] And all that equipment and all that stuff should continuously be monitored. This
needs to be in regulation, to ensure that all projects are monitored in a certain detailed way” (A.K.,
personal communication, 06.06.2018).
78

Soft Landings / Operator Training
All experts agreed that soft landings (follow-up of the team to instruct the building operator after
building handover) are extremely important to ensure that the building is operated as intended
and therefore shows minimal performance deviations. Besides soft landings (1-3 years), the
importance of operator training and the development of a building manual was specifically
addressed by M.P. The importance of an operation manual was also mentioned by D.F. and T.S.
This manual is important because operators will change with the years, and therefore a manual
with information on how to run the building and how the systems work greatly facilitates the
process of integrating a new operator (M.P.). Hand in hand with soft landings, comes the good
practice proposed by M.P. and D.F. to also have the operator involved in the construction phase
to understand the systems rather than getting them dumped upon them.

5.2.4 Post-Occupancy
The most important practice noted by the experts with regard to post-occupancy is to design and
construct for disassembly (all experts), or to design and construct for flexibility (M.P., A.K., S.A.,
J.S., T.S.) . Designing for flexibility entails remaining an open floor plan and using as little interior
walls and concrete columns as possible. This has been proposed by M.K., D.F., S.A., J.S. and T.S. as
a commercial benefit as well as an environmental benefit. Designing and constructing for
disassembly entails the use of prefabricated components, that need to be maintained well during
occupancy and then carefully taken out of the building to be resold. D.F., S.A. and J.S. specifically
addressed that the market for sustainable, reusable materials in construction is not there yet, but
that it has a strong business case. J.S. and T.S. propose to make use of VDC with an integrated 3D
materials passport with all information (including maintenance), to be used at the end of life to
sell the materials to the market.

5.3 NZEB Key Success Principles from Expert Interviews
5.3.1 Synthesis
The main best practice identified in the expert interviews is the adoption of an integrated design
approach, which includes the adoption of integrated design teams. This has been noted as an
essential key success principle by all experts to integrate knowledge and experience to prevent
inaccurate execution of practices between the building phases. This entails that the design team
must be closely involved in construction to ensure the team does not deviate from the intended
design, the construction team must follow up in the operations phase to make sure systems are
operated and maintained well, and the team must follow up with regard to monitoring and
evaluation to make amendments if performance deviates from the intended design. Aiming for
certification is another important key success factor as identified in the interviews.
To design the building for passive optimization to minimize the energy demand of a NZEB was
addressed by all experts, which starts with choosing the right site and orientation of the building.
Additionally, prefabrication and the use of modular structures have been named by the experts
as important success factors – to ensure construction quality, minimize waste, for financial
reasons and to facilitate reuse of the building’s components at the end of it’s life cycle. The same
reasoning applies to the important practice of adequate maintenance during the operational
phase. Moreover, the experts strongly emphasized the importance of monitoring and evaluation
and of timely making amendments to continuously improve the building’s performance.
Education and training for occupants to ensure behavior that does not jeopardize the building’s
performance and interactive control has been addresses as another important success principle,
together with the adoption of soft landings and operation manuals.
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5.3.2 Framework II: Key Success Principles in NZEB project development (Interviews)
Design
Integrated Design Approach,
Integrated Project Delivery,
Integrated Design Teams
NZEB Definition and Boundary
Vision, Goals, Targets
(aligned by team)
Design for Disassembly
Building Orientation for
Minimal/Maximal Solar
Exposure (and interior premises)
Passive systems (daylight
passive heating/cooling, natural
ventilation, passive
(de)humidification)
Critical look at energy
calculation + Integrated
Calculations and Modeling
Proper Systems Sizing (don’t
oversize HVAC, don’t undersize
RES)
Building-integrated RES or
nearby
Design for high IEQ

Construction
•
•
•

Material Choice
Ecological Material
Re-used Material
Recycled Material

Extensive LCA (also on transport,
maintenance, deconstruction
energy)
Construct for
Deconstruction/Disassembly
Prefabrication, on-site
assembly
Construction Staff Training,
Awareness Raising or Capacity
Building
Elaborate and detailed
construction plan (developed in
design)
Quality Assurance / Inspection
on-site
Specific Attention to Insulation
Quality & Toxicity
Certification in Final
Commissioning

Operation and Maintenance
•
•

Occupant Training
Digital/booklet
In person

•
•
•
•

Awareness Raising
Dashboards
Notifications
Competition
Intervention

Occupant-building Interaction
• Manual override
• Individual control of
environment
Facility Manager – Occupant
Interaction
• Application for Complaints
• Communication on Indoor
Environment and
Expected Behavior

Post-Occupancy
Whole-Life Approach / Circular
Building
• Disassembly
• Re-use
• Recycling
• Flexibility
• Adaptability
Materials Passport
• With VDC and BIM
• Asset Tags with all
relevant information
Build with Mechanical Joints /
Dissolvable Binders
(concrete/gypsum)
•
•

Open Floor Plan
Commercial benefits
Financial benefits
Deconstruction Plan

Adequate Maintenance
Monitoring and Evaluation
• Continuous
• Submetering
• Reporting (M&V plan)
Operator Training & Manual
Soft Landings
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Chapter 6 Case Studies
6.1 Manitoba Hydro Place, Manitoba, Winnipeg, Canada

Figure 6.1 Manitoba Hydro Place, Winnipeg15

Figure 6.2 Manitoba Hydro Place, Winnipeg - Atrium16

15
16

https://www.slideshare.net/MohitSaini89/manitoba-hydro-place-70420348
https://www.flickr.com/photos/morrismulvey/8018462361
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6.1.1 General Information
Manitoba Hydro Place (MHP) was built between 2004 and 2009 and functions as the corporate
head office building of Manitoba Hydro. Manitoba Hydro is the electric power and natural gas
utility in the province of Manitoba, providing most electrical energy by hydroelectric power. As a
utility that represents energy efficiency and sustainability, planning started in 2002 to build the
most energy efficient and sustainable tower in North America. The building achieved a LEED
Platinum certification in May 2012, the first and only office building to achieve that certification
in Canada (81). See Table 6.1 below for general project-specific information.
Table 6.1 Project information – Manitoba Hydro Place (MHP)

Building name

Manitoba Hydro Place

Location

Manitoba, Winnipeg, Canada
(Downtown, full city block)

Client

Manitoba Hydro

Main Contractor

PCL Construction Management

Owner

Manitoba Hydro

Architect

Kuwabara Payne McKenna Blumberg Architects with Smith
Carter Architects

Structural Engineer

Crosier Kilgour & Partners Ltd. / Halcrow Yolles

Mechanical Engineer

AECOM Inc.

Energy Engineer

TransSolar Energietechnik GMBH

Principal use

Corporate Head Office

Start year

Planning: 2002
Building: 2004

Completion

Construction: December 2008
Opening: September 29th, 2009

Stories

22

Height

88.6 m
(Solar chimney height: 115 m)

Conditioned floor area

64,591 m2

Occupant Capacity

2245

Cost

$278 Million

EUI

96.68 kWh/m2/yr. (2014)

Certificate

LEED Platinum (May 2012)

MHP is located in Winnipeg (Manitoba, Canada), a city characterized by an extreme climate. The
climate in Winnipeg according to the Köppen climate classification is Dfb - a warm summer
continental climate. The average temperature in January is -16 ⁰C, in contrast with the an average
July temperature of 20 ⁰C. Including peak temperatures, the annual temperatures in Winnipeg
range from -35 ⁰C in wintertime to +35 ⁰C in summertime (MP, personal communication,
22.05.2018), (82)). This extreme climate imposed a challenge to design a well-performing,
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energy-efficient building. Despite cold temperatures, MHP receives plenty of sunshine
throughout the year and specifically in wintertime. This allowed the building to optimize solar
radiation in passive design, which will be further elaborated upon in Section 6.1.2.

6.1.2 NZEB Definition
MHP is an EE-HPB rather than a NZEB – the building does not generate renewable energy itself
(on the building nor on the site). However, the energy grid in Manitoba - supplied by Manitoba
Hydro - nearly fully originates from renewable energy sources (99.6%), with hydroelectric
power being the major source of energy (97.6% of all renewable sources). See Table 6.2.
Therefore, there was little incentive or added value to design MHP to be a NZEB. The building,
however, has a nearly zero energy-impact due to the clean grid supply.
“For MHP, our argument was: our energy from Manitoba Hydro is 100% renewable - we have a
couple of thermal generating plants for back-up that run extremely rarely - but essentially 99% of
our energy at Manitoba is coming from a renewable source. So you could make an argument that
it's a fully renewable grid supply […] you could make an argument that we could buy our own
renewable energy credits and call ourselves Net Zero Energy - if you want to accept that NZE
definition.” (M.P., personal communication, 22.05.2018).
Table 6.2 Energy grid composition in Manitoba, Winnipeg, Canada in 2015. Information retrieved from (83).

Grid composition
Non-renewables
Renewable energy sources
Renewable energy source
Hydro
Wind
Biomass

GW.h

Share of total sources
158

0.4%

35599

99.6%

GW.h
34694
860
45

Share of total renewable sources
97.6%
2.41%
0.13%

MHP uses nearly 75% less energy compared to a typical similar building of this type in this
location, and is therefore extremely energy-efficient. MHP has an EUI of 96.68 kWh/m2/yr.
compared to 375 kWh/m2/yr. for comparable buildings (84). This calculated number of energy
consumption includes all major energy consuming installations and systems during occupancy.
M.P. addressed the technical challenge of reaching an on-site NZE status for a 22-story high
building, especially with regard to the extreme climate of Winnipeg.
“With our typology of a 22-story office building […] it's essentially technologically impossible. […]
The main input for on-site generation is solar radiation, and the main limitation is the efficiency of
solar panels […] so you can only get so much renewable energy on a given site, so to look at MHP
being NZE from a site, would be essentially impossible. […] So we're quite proud that given
the climate of our environment, which is extreme in terms of heating and cooling demand, we were
able to drive the buildings energy demand down to a minimum. […] The idea is that we looked at the
definition of NZE a little bit differently, looking not so much at the site, but looking at the bigger
picture.” (M.P., personal communication, 22.05.2018).
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6.1.3 Best Practices in the project development of MHP
This section elaborates on the best practices that led to the establishment of the well-performing
building in downtown Winnipeg.
6.1.3.1 Design
Integrated Design Process
The first (and overarching) process-based best practice in the project development of MHP was
identified by M.P. as the Integrated Design Process (IDP): the integration of information, people
in the team, processes and systems. As an example of how the IDP and working with an IDT led
to optimization of the building’s features and systems, M.P. addressed the following:
“Our architects started off with a relatively simple concept of a floor plan of two open lofts […] With
the consultation of the climate engineer, those started to rotate so that from the north side, you're
minimizing your surface area, and then from the south side you're increasing the amount of surface
area so you can harvest more solar energy. So that kind of story happened over and over and over
again throughout the design process. […] We wanted to have a water feature to provide some
aesthetics and acoustics for our common areas in the gallery space, and then with the work of the
climate engineer and mechanical engineer that aesthetic feature of a waterfall became a functional
feature […] to do dehumidification through that system the summertime, and humidify the space in
the wintertime – and there's countless examples like that” (M.P., personal communication,
22.05.2018).
Vision, Goals, Targets
A related best practice introduced by M.P. is the establishment of a clear vision for the building,
accompanied with clear goals and performance targets that are agreed upon by and clearly
established within the team. Therefore, as a first step of the IDP, MHP’s project charter was
determined in which the project goals were clarified. The project charter functioned as the
foundation to be consulted when major design decisions were made. The vision for the building
is captured in the first paragraph of the project charter, available online: “The primary purpose of
the new Downtown Office Building for Manitoba Hydro is to provide a healthy and productive
workplace for employees, a global standard in energy efficiency & sustainability, a signature image
reflecting a new branding for the company, a positive-impact on urban Winnipeg all at a competitive
life cycle cost” (85). M.P. complemented this vision, by stating that a secondary vision for MHP was
to some extend to set an example for other projects (M.P., personal communication, 22.05.2018).
The project charter consisted of six core goals that, according to the charter, together must be
effectively balanced to realize MHP with the team. These six goals were (82,85):
1.
2.
3.
4.
5.
6.

To create a supportive workplace environment for the employees of Manitoba Hydro;
To create an energy-efficient design with an emphasis on passive systems, aimed to be 60%
more energy efficient than the national energy code (mNECB);
To create a design that will achieve a LEED Gold sustainability rating;
To develop signature architecture integrated throughout the building on different scales
from the street level to the roof;
To achieve a high level of urban integration to revitalize downtown Winnipeg; and
To design the building using a life-cycle cost approach based on the 60 year amortized life of
the building, and evaluate all features of the building on a full life-cycle cost basis competitive
in the marketplace.
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The project surpassed the second and third goal, with a 75% energy reduction and an achieved
LEED-Platinum certification in 2012. The first and foremost goal of MHP to provide a healthy and
comfortable workplace for it’s employees demonstrates the importance that was granted to the
optimization of IEQ in the building.
Choosing the site
The final location choice for the new corporate headquarters building for Manitoba Hydro was
predominantly based on its maximum connectivity to prominent downtown destinations and
pedestrian and public transit routes (86). The prime downtown location was also chosen for it to
be a signature landmark in downtown Winnipeg and to create a new hub of activity on the streets
(85). Moreover, MHP was built on its current location to optimize the re-use of building materials
that remained after the deconstruction of a previous building on the site. MHP was also
established downtown by means of facility optimization to consolidate the previous twelve
offices and rentals stays that were scattered around the outskirts of Winnipeg into one main office
where all staff could work together in one building. Public engagement was named as an
important lesson learned by M.P, which entailed that Winnipeg’s inhabitants and other key
stakeholders were involved in information session of the building and its location. The project
was namely not aimed not only at locating employees of Manitoba Hydro, but also to improve the
urban fabric of Winnipeg. Engaging the public and informing them on what was being built and
why led to more understanding and transparency, and therefore more common ground.
Early design: Studies, Workshops and Charettes
Prior to the design of MHP, a delegation of Manitoba Hydro toured through Europe to visit and
study several buildings. These buildings inspired the design of MHP and its incorporated systems
such as natural ventilation, radiant heating and cooling, the double façade and operable windows
at high floors. M.P. therefore addressed the research and study of other buildings as a good
practice to function for inspiration and shared learning (M.P., personal communication,
22.05.2018. One full year was dedicated to the development of MHP’s design concept, a process
which entailed facilitated workshops and design charettes. These workshops and charettes were
organized on a monthly basis. Another year was devoted to the further development and
optimization of the design, where the team met every two weeks to work on the final integrated
design solution. The final concept was a result of four design charettes in which 15 concept were
developed, and three options were extensively tested (See Appendix VI.1).
Building Form and Fabric – Optimizing Passive Systems
The buildings features and design were tested against the project charter goals and based on an
integrated cost/energy/design model to make informed and optimized decisions (Appendix
VI.2.) During the last charette, one of the energy engineers picked up the model the building and
rotated it in such a way that the atrium faced south to capture most sunlight and southernly
winds, leading to the optimization of passive heating and ventilation systems. The final concept
and established building is broadly shaped like an A (Appendix VI.3), with important features
being a large glass atrium to optimize solar heating, a double façade to reduce heating/cooling
demands (Appendix VI.4 – VI.5) and a solar chimney (Appendix VI.6 – VI.7) to optimize natural
ventilation to occur through the stack-effect of rising air. The building material largely consists of
steel, glass and a substantial amount of thermal mass (Appendix VI.8 – VI.9) to capture and store
heat and provide radiant heating and cooling. A water feature was integrated into the building
first for aesthetic reasons, and was optimized to (de)humidify the air inside MHP (Appendix VI.10
-VI.11). These features of the building are the most predominant passive systems to reduce the
building’s HVAC demands. To reduce lighting demands, MHP’s glazing was designed to optimize
daylight, as illustrated by Appendix VI.12 – VI.13.
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Energy
The optimization of passive systems and optimization of the energy efficiency of active systems
(lighting, pumps and drives) led to the significant energy demand reduction of MHP as compared
to other similar buildings. As described before, the building does not have active on-site
renewable energy generating systems. However, the foundation of MHP is a ground-source heat
pump (Appendix VI.14), which captures excess heat in the summer time that in turn can be
extracted in the winter months. The ground-source heat pump, coupled to the thermal mass and
therefore radiant heating and cooling, covers 100% of the cooling load and provides the building
with approximately 60% of the total heating load in the coldest months17.
Construction
Related to the IDP, M.P. noted the importance to consult the contractor that would build the
building much earlier than in the tendering phase. Moreover, a construction management
approach was adopted to get feedback from the constructor and to gain insight in the marketpricings (M.P., personal communication, 05.06.2018). To minimize embedded energy, a
substantial amount of material from the previous building on the site was reused in the
construction of MHP. Construction waste produced in the construction of MHP was also recycled
or salvaged (87). At the time of construction, however, the adoption of a materials passport was
not a common practice, although M.P. did not this as a good practice for future project
development.
Operation
The most important best practices in the development of MHP in the operation and maintenance
phase were continuous (sub)metering, enhanced commissioning, extensive monitoring and
evaluation (through measurement and verification), training of the building’s occupants,
occupant-building interaction, and the adoption of a soft landing approach to facilitate the
building’s operator, ensuring that the building was operated well. In the first year of use, MHP
showed significantly higher energy use than it was originally designed for: demonstrating an EUI
of 161.2 kWh/m2/yr. against the modeled 90.9 kWh/m2/yr. The building’s energy performance
was actively tracked and optimized to ultimately bring the energy use back to 85.3 kWh/m2/yr.
within a time span of a little more than a year (see Appendix VI.15). The establishment and followup of an extensive measurement and verification plan allowed for continuous improvement of
the building in the operational phase, an important factor that determined the success of MHP.
To train MHPs occupants to make sure the building was used properly, all employees had to
attend a mandatory afternoon training that explained the building’s functions and explained how
the building differed from traditional buildings (M.P., personal communication, 05.06.2018). A
thorough workplace study has been conducted to evaluate the occupant experiences.
Additionally, a manual was developed for the building owner, for which M.P. emphasized the
importance of simplicity and to not over-complicate matters in an extensive hundred page
manual.
Post-Occupancy
No specific post-occupancy or deconstruction plan has been developed for MHP as the building is
intended to last for 60-100 years (M.P., personal communication, 2018). Moreover, as MHP
integrated much reused material, the reusability of MHP’s components can be questioned.

17

http://www.manitobahydroplace.com/Integrated-Elements/Geothermal/
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6.2 The Edge, Amsterdam, the Netherlands

Figure 6.3 The Edge, Amsterdam, The Netherlands 18

Figure 6.4 The Edge, Amsterdam - Atrium19

18
19

http://www.wel-inspectie.nl/projecten/the-edge-amsterdam
https://www.happybuildingindex.nl/noord-holland/the-edge-amsterdam
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6.2.1 General Information
The Edge was built between 2011 and 2014 to function as the new main Amsterdam office
building for Deloitte, a global multinational professional services firm. The building was designed
to be a ‘smart building’, to represent the transition into the digital age that represents Deloitte.
The Edge is a leading example of a new way of working (Dutch: ‘Het Nieuwe Werken’), that
surpasses the traditional 9 – 5 office hours with assigned workspaces. Rather, The Edge is all
about flexibility, enabled through the integration of smart technologies and gadgets that create
adaptable and intelligent workspaces. The building was assigned a BREEAM-NL sustainability
score of 98.4% - the highest score ever awarded. The building is therefore also widely known as
‘the greenest building in the world’ (88). The Edge is located in a Köppen-classified Cfb climate, a
mild maritime climate. See Table 6.3 for project-specific information. Table 6.3 Project
information: The Edge, Amsterdam
Building name

The Edge

Location

Amsterdam, the Netherlands
(Zuidas)

Client

OVG Real Estate (in close collaboration with Deloitte)

Tenant

Main tenants: Deloitte and AKD
Other tenants: Salesforce, Henkel, Sandvik, Edelman

Main contractor

G&S Bouw

Owner

Deka Immobilien Investment (as of June 2014, OVG Real
Estate was the first owner)

Architect

PLP Architecture (London). Special credit: Ron Bakker.

Structural Engineer

Van Rossum Consulting Engineers

Mechanical Engineer

Deerns

Principal use

Corporate Head Office

Start Year

Planning/design: 2010
Construction: End 2011

Completion

Construction: December 2014
Opening: 29th of May, 2015

Stories

14

Height

58.15 m

Conditioned floor area

39,673 m2

Occupant Capacity

2800 occupants, exact capacity is ambiguous as the building
is highly flexible and has no assigned workspaces.

Cost

$89 Million

EUI

not transparently communicated; deviating numbers.

Certificate

BREEAM-NL: Outstanding (Score: 98.4%)
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6.2.1 NZEB Definition
The Edge is labeled as an energy-positive building, meaning that the building generates more
energy from renewable sources than it consumes in a year. Therefore, The Edge can be regarded
as a NZEB. However, two critical remarks need to be made. First, the building can not entirely be
classified as an on-site NZEB as a certain amount of solar energy is delivered to the site of The
Edge from a remote (yet close-by) location. Moreover, the NZEB or energy-positive balance only
applies with regard to the pre-occupancy energy balance of the building. This means that The
Edge is a NZE/energy-positive building only with regard to the energy that is used for the building
to sustain it’s primary building functions after construction. These calculations do not include
energy demands from computers and other IT-services, nor do they include plug loads.
“The Edge is a NZEB with regard to the energy that is needed to run the building; the elevators, the
climate systems, the pumps, etc., primarily through PV energy generation. But as soon as people go
into the building […] it’s never going to be energy-neutral […] when the building is energy positive
like The Edge is with 2%, this means the building generates a little more than it uses but that does
not include the people, computers, coffee-machines, printers, the fitness facility, etc.” (E.U., personal
communication, 19.06.2018).

6.2.3 Best Practices in the project development of The Edge
Accessible information on the project development of The Edge proved to be more limited than
the information on MHP (both available online and provided by the interviewed experts),
therefore this subchapter is more concise as compared to Chapter 6.2.
6.2.3.1 Design
“Essentially, the moral of the story is: it wasn’t all a vision, it wasn’t all thought out, the biggest
success factor of The Edge in the design phase was, and I still strongly stand behind this, the
integration of IT, facilities, real-estate and housing. When that works together, integrated, fully
cooperative – that’s when you will achieve an extremely efficient and smart building, that is also
extremely sustainable. A smart building constantly monitors the use of the building and the
calibration of all equipment, making it highly sustainable. And it’s a self-learning process, really.
That’s the power of a smart building when it’s fully integrated”. (T.S., personal communication,
26.06.2018).
Integrated Design Process
Both experts that were interviewed for this case study, E.U. and T.S., noted the importance of the
integrated design process for successful project development. However, E.U. noted the integrated
design process to be fairly common in the Netherlands, and therefore no formal IDP procedure
has been established. As a best practice with regard to the project development of The Edge, T.S.
addressed the strong collaboration of Deloitte as the main tenant and OVG Real Estate as the main
client:
“Of course it is highly important to collaborate, make mutual decisions and to communicate within
the project team, but those are open doors. Collaboration is always beneficial and important with
regard to finances etc., but OVG and Deloitte both had a direct incentive to make extra big
investments in the project – against the prevailing tendencies seen the fact that it was a deep crisis
at the time. The fact that we were ‘sentenced to another’ strengthened this mutual feeling and led to
incredibly sharp sustainability ambitions, to which we were both highly committed” (T.S., personal
communication, 25.06.2018).
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Vision, Goals, Targets
The main vision for The Edge was to radiate modern technology, to stand out from the crowd as
a future-proof office building and to be exemplary. This aim relates to the desire for the building
be attractive to young and skilled urban professionals. Additionally, The Edge was intended to
function as the main Amsterdam-based office for Deloitte and consolidate Deloitte’s employees
from scattered offices around the city into a single environment. The original energy-related goal
of The Edge was to achieve a BREEAM score of 70%. Despite the economical crisis, the building
was constructed with expensive and state-of-the-art materials and technologies. The Edge was
originally designed to be a regular sustainable building, however, with the integration of more
smart technologies the building became far more sustainable than it was ever intended to be. The
best practices of the project development of The Edge are therefore largely a result of
spontaneous, well-timed, bold decisions that worked out extremely well for the building (T.S.,
personal communication, 25.06.2018).
Choosing the site
The site for The Edge has been chosen predominantly due to the location on the Zuidas,
Amsterdam’s main financial district. This was important to allow for maximized connectivity, and
for the building to function as a hub in an active network. Moreover, the site has been chosen for
it’s large surface. This relatively large surface area was necessary to incorporate the angled design
of the building, designed to optimize daylight and harvest as much solar energy as possible (E.U.,
personal communication, 19.06.2018).
Early design: Studies
In the early design phase, OVG Real Estate and Deloitte evaluated buildings in London. During this
trip, the contact with PLP Architecture was made – the main architect of The Edge (T.S., personal
communication, 25.06.2018).
Building Form and Fabric
The Edge is largely U-shaped (Figure 6.3). The optimization of passive systems and generation of
solar energy have been the most important factor to determine the building’s design. The
building’s orientation was established to follow the path of the sun. The southern façade of the
building is most densely integrated with PV-panels (720 m2) to optimize the harvest of solar
energy and shield the workspaces from the sun (Appendix VI.16 and VI.17). The building’s roof is
also covered in PV-panels (1200 m2). The north façade of the building with the carved atrium, on
the other hand, was designed to optimize the northern daylight and provide workspaces with
plenty of natural light (Figure 6.4) whilst minimizing direct solar exposure and thus the risk of
overheating. The atrium also functions as a buffer between the workspaces and the external
environment, and optimizes natural ventilation that occurs when stale air from the offices is
spilled into the open space through mesh panels (Appendix VI.18). The air rises and is exhaled
through the roof, and heath recovery ventilation (HRV) optimizes the heat potential. The
building’s fabric predominantly consist of glass, steel, aluminum and concrete, although large
concrete columns and walls are minimized to create an open floor plan and allow the building to
adopt to a different function.
Energy
As described in the previous section, The Edge predominantly optimizes passive energy by means
of the form of the building -open and angled - and fabric of the building, which predominantly
consists of glass. This form and fabric of the building drastically reduces the building’s energy
demand for HVAC and lighting systems. Additionally, the PV panels on the southern façade
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function as passive shading devices for the windows. To maximize the building’s energy
efficiency, a partnership was sought with Philips who designed the light panels for The Edge.
These panels have an extremely low energy use. The low energy demand of the building can to a
large extend be attributed to this lighting system, together with the individually amendable
radiant heating/cooling climate ceiling.
The renewable energy generation from The Edge originates from the building-integrated PV
panels (1920 m2) and PV-panels installed on the close-by roofs of the University of Amsterdam.
The Edge also optimizes an aquifer thermal energy storage system that reaches 129 meters deep
underground20.
6.2.1.2 Construction
With regard to construction, the most important best practices for The Edge have been
prefabrication and the use of circular materials that make up most of the building, being
aluminum, steel and glass (E.U., personal communication, 19.06.2018). The building has not
necessarily been constructed, nor was it designed, for deconstruction or disassembly. Rather, the
building’s open floor plan allows the building to adopt to another function. However, as T.S. noted,
the main reasoning behind the open floor plan can be attributed to commercial motives rather
than sustainability motives (T.S., personal communication, 26.06.2018).
6.2.1.3 Operation
The main best practices with regard to the operation and maintenance phase of The Edge are
extensive monitoring and evaluation (performance tracking), the integration of IT to allow the
occupants of the buildings to adjust their own environments, training of the building’s occupants
and the installation of performance dashboards in the building (T.S., personal communication,
26.06.218; E.U, personal communication, 19.06.2018).
“All people in the building have received digital training as well as an explanation in text, and
when you enter the building you will receive a booklet that explains how the building works and
what behavior is expected of you as a visitor or occupant. Significant attention has been granted
to provide information on the building, and performance dashboards have ben installed
everywhere in the building for people to be aware of how the building performs” (E.U., personal
communication, 19.06.2018).
Post-occupancy
There is no formal post-occupancy plan for The Edge with regard to a material passport and a
deconstruction or disassembly plan. The building’s materials are, however, nearly fully circular
and the open floor plan allows the building to adapt to a plausible new function (T.S., personal
communication, 26.06.218; E.U, personal communication, 19.06.2018).

20

https://www.breeam.com/case-studies/offices/the-edge-amsterdam/
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6.3: Framework III: Key Success Principles in NZEB project development (Case studies)
Design

Construction

Integrated Design Team
MHP: Architect, Client, Operator, Constructor, Mechanical and
Climate Engineers, signed for collaboration in the project charter.
The Edge: Most focus in the design team integration of IT, the
facility manager and real-estate representatives as core members.

Minimization of embedded energy
MHP: On-site reuse of material from
previously
existing
building
structures; recycled material in
interior design
The Edge: use of circular materials in
building construction

NZEB Definition
MHP: No NZEB, but an EE-HPB based on nearly fully renewable grid
supply.
The Edge: Energy-positive building (102%), based on pre- Optimized materials
occupancy calculations.
MHP: concrete for thermal mass and
radiant heating/cooling, steel and
Clear Vision, Goals and Targets
glass for circularity
MHP: Productive and healthy workspaces, energy efficiency, LEED The Edge: aluminum, steel and glass
Certification, signature architecture, urban revitalization, full life- for circularity purposes and flexibility
cycle costs.
of building
The Edge: State-of-the-art modern technology, exemplary building,
attract young urban professionals, sustainable, healthy and
intelligent building that is highly adaptable
Prefabrication, Modularity
Off-site production, on-site assembly
Pre-design Research
MHP: Europe tour, charettes, workshops
The Edge: Visit to London to research buildings
Quality assurance
Integrated Project Teams
Optimize Site Potential
MHP: LEED Certification
MHP: A-shape, office spaces located towards south for maximum The Edge: BREEAM certification
solar exposure
The Edge: U-shape, PV integration on southern façade and office on
northern façade
Post-Occupancy
MHP: No plan
Energy Conservation:
The Edge: open floor plan, flexibility
MHP: GSHP, passive h/c, passive AC, thermal mass, EE
The Edge: ATESS, passive h/c, energy efficiency (sensors, etc.)

Operation and Maintenance
Maintenance manual
MHP: Follow-up by the construction
team
The Edge: Integrated efficiency,
maintenance and cleaning plans
Operation Manual
To ensure the building operator
adequality operates the buildings
systems.
Occupant training
MHP: Mandatory afternoon training
The Edge: digital and textual
training, booklets
Awareness raising
The Edge: performance dashboards
Occupant-Building Interaction
MHP: Manual override of automated
systems, personal control
The Edge: fully individually
adjustable surroundings (app)
Continuous monitoring and
evaluation
MHP: M&V plan, follow-up of design
team (3 years), submetering,
performance tracking
The Edge: continuous M&E, follow-up
of team (1 year), submetering,
performance tracking
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Chapter 7 Integrated Recommendation Framework
The key success principles that were identified in Chapter 4, 5 and 6 for the four phases of a
building’s life cycle have been synthesized into the Integrated Recommendation Framework on
the next page. This integrated framework presents the main best practices in NZEB project
development. Chapter 9.2 further draws upon these best practices by combining them into
overarching, core principles of successful NZEB design. The Integrated Recommendation
Framework and Chapter 9.2 together provide the guidelines for successful NZEB project
development.

Figure 7.1 DPR Construction’s NZE office building in Phoenix, Arizona. 21

Figure 7.2 The Bullitt Center, Seattle - a NZE office building.22

21http://buildipedia.com/aec-pros/featured-architecture/net-zero-energy-buildings-residential-and-

commercial
22 http://www.bullittcenter.org/
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Integrated Recommendation Framework for NZEB project development
Design
Define NZEB in local context
Integrated Project Delivery
Integrated Design Team

Construction
Team Integration and
Consultation during
Construction

Modularity / Prefabrication (offsite production, on-site assembly)

Clear Vision, Goals and Targets
(Agreed by the team)
Passive Systems First (Optimize
site potential, passive HVAC and
lighting)
Efficiency of Active Systems
(Sensors, Variable Demand and
Supply)
Integrate RES on the building as
much as possible
Critical Look at the Energy
Calculation and Modeling
(operation loads included?)

Quality Assurance Plan (quality
inspection)

= literature

= interview

Operation & Maintenance
Occupant training and
awareness raising (training,
education, booklets, digital,
dashboards)

Occupant-Building Interaction
(able to adjust their own
individual surroundings)

Post-Occupancy
Whole life cycle / circular
approach to building to
minimize the building’s energy
impact and for financial benefits

Flexibility approach for building
to adopt another function or be
altered

Continuous commissioning

Enhanced Commissioning

Real-time monitoring and
evaluation by a qualified team

Certification to ensure
performance and quality of
construction

Submetering to largest energy
consumers and per floor
Follow-up of design team

Minimize Embodied Energy in
Materials (Reuse/recycling,
sustainable construction material,
minimize waste production)

= case study

Soft Landings in building
operation (preferably to three
years)

Allow for easy deconstruction at
the end of the building’s life cycle
to re-use components

Update materials passport with
all relevant information for the
components to be able to be sold
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Establish KPIs

Adopt a Materials Passport

Modeling and Simulation (BPS)
incl. Variability

Qualified Construction Workers

Performance-based Design
Specific Attention to Envelope
Design
Design for Indoor
Environmental Quality (IEQ)

Capacity Building of
Construction Team

Communication that trespasses
language barriers

Maintenance plan and followthrough with assistance of
construction team and preferably
with VDC model

Amendments to continuously
optimize building performance
Building Operations Manual
(clear and concise)
Measurement and Verification
(M&V) Plan

Proper HVAC and RES system
sizing

Elaborate Construction
Documentation

Integrated Information through
VDC

Construct for Disassembly

Develop an elaborate
deconstruction plan

Mechanical joints, dissolvable
binders

Upscaling of material

Special attention to stability of
the structure

Interventions with occupants in
case of bad performance results
Post-Occupancy Evaluation

Limit pollution during
deconstruction (dampen site,
strict times for lighting and noise)

Design-Build Approach
Study other projects as input for
design

Hire experts in certain fields for
maximized energy efficiency
Waste Management and
Pollution Prevention Plan
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Chapter 8 Discussion
NZEB is a highly complex and broad concept. Therefore, the results of this study require an
elaborate discussion. First, I analyze the key findings from this study. These findings need to be
critically discussed to understand the importance and context of conclusions drawn in Chapter 9.
After this critical discussion I address how my findings relate to what others have done. Then I
discuss the main limitations of this research. Finally, I provide suggestions for future research to
fill important knowledge gaps that remain after this research.

8.1 Key Findings
This study identified both success principles (RQ 1 – 4) and substantial challenges (RQ 1 – 2) in
NZEB, to essentially provide guiding best practices for future NZEB project development – which
fulfils the aim of this study and answers the main RQ. The major findings on success principles
have been presented in the Integrated Recommendation Framework in Chapter 7. These success
principles have been structured according to the four building phases to enhance clarity and place
the findings in a context throughout the development of the results in Chapter 4 – 6. However,
these principles are also interrelated. The structural representation of these success principles
based on the building phases does not manage to fully grasp the bigger picture and fails
contextualize the findings in terms of relative importance. Therefore, the Integrated
Recommendation Framework is complemented by the identification of overarching core-best
practices in NZEB project development. These core-best practices are presented in the conclusion
of this study (Chapter 9), as they provide the most comprehensive answer to the main RQ in this
study together with the Integrated Recommendation Framework. The core-best practices are
based on a critical evaluation of how the best practices presented in the Integrated
Recommendation Framework relate and work together to deliver successful NZEB projects.

8.1.1 Challenges
However, to fully understand the importance and the meaning of the main success principles and
core-best practices identified in this study, the main challenges that surround NZEB first need to
be discussed. Although the interviews were targeted at the identification of best practices, the
expert interviews predominantly indicated complicated challenges that currently hamper NZEB
development and uptake. With regard to the challenges in NZEB project development, a
distinction can be made in two overarching (but also interrelated) themes: the performance gap
and the political challenge of NZEB.
Performance Gap
It has become evident in this study that the performance gap is currently a significant challenge
in NZEB. The performance gap is a complex, deeply rooted challenge that is the result of various
factors. Amongst these factors are the inadequate design and construction of the building’s
envelope, incorrect sizing of building systems, a lack of monitoring and evaluation and wrongful
building operation by both the operators and the occupants. Chapter 9.2 synthesizes the main
findings from this study into conclusions with core-best practices to (attempt to) overcome the
performance gap on the project-scale.
However, the performance gap challenge also needs to be discussed in the wider context. The
performance gap can namely also be attributed to inadequate energy calculations which is related
to the open interpretation of the NZEB concept in the current political climate. Moreover,
insufficient monitoring and evaluation (M&E) of the building’s performance in the occupancy
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phase and the related frustration indicated by the experts indicates that NZEB-policy needs to be
sharpened to address the performance gap. Currently, NZEB-policy- and project developers are
especially focused on the design phase of NZEB with regard to energy performance. After the
building has been constructed and commissioned for quality and performance assurance, it
appears that there is usually little to no follow-up on performance checking. However, the
performance gap between intended performance and demonstrated performance urges to make
M&E reporting a mandatory practice, to stimulate or enforce measures to be taken if building
performance deviates, and to provide mandatory standards to calculate the correct energy
demand of a building. These recommendations are further developed in Chapter 9.1.
Political context
The results of this study, most specifically the results of expert interviews, indicate flaws in the
current political system. These flaws hamper the development and upscaling of NZEBs. To make
statements and draw comprehensive conclusions on best practices in NZEB project development,
we must therefore critically address this political context. The chance of successful NZEB project
delivery is after all highly dependent on the political climate. After these political challenges have
been discussed in this chapter, a need arises to identify recommendations for successful NZEBrelated policy development. This means: policy that enables a political and infrastructural
environment that allows NZEBs to flourish. These recommendations are provided in Chapter 9.1,
and have been developed based on the critical discussion below.
Ambiguous NZEB claims
This leads us back to the beginning of this study that started with a critical look at the NZEB
definition (Chapter 2.2). There have been on-going discussions in politics to develop a universal
NZEB definition, which have not been successful yet and might lead to confusion rather than
facilitation with regard to NZEB implementation. There is, however, a need to develop universal
standards as open interpretation of the NZEB concept likely leads to ‘cheating’ in obtaining a
NZEB status: buildings can claim a NZEB status whereas they might not actually be net-zero
(annual building renewable energy generation ≥ annual building energy consumption). As
identified in the expert interviews and illustrated by the two case studies, the exclusion of critical
energy consuming factors (most notably data servers and IT-uses) in the energy calculation of
the building allows buildings to obtain an inaccurate/impure NZEB-status. This discrepancy
needs to be solved to be able to make statements on whether or not a building can rightfully claim
a NZEB status, and be able to actually compare buildings.
Context-specific approach of NZEB questions the development of a universal NZEB definition
The added value or feasibility of the development of a universal NZEB definition can be contested.
National differences in renewable energy options and/or grid supply composition (some grids
are very clean, whereas others might run predominantly on fossil fuels) illustrate the complexity
and challenge that surrounds NZEB development and uptake. If the grid supply is already clean
and runs predominantly on renewables, it might not be necessarily favorable for a building to aim
for a NZEB status. This was illustrated by the case study of MHP, and has been addressed in the
interviews too (for example, Attia named Denmark and Norway as countries with clean grid
supply). In case of such clean grid supply, the net balance might not necessarily be relevant, and
implementing NZEBs would be of little added value. On the other hand, there are also countries
that have little to no renewable energy possibilities and need to import renewable energy.
Therefore, I have come to question the current political focus on the development of a universal
NZEB-definition and related mandates. Rather, I recommend to adopt low- or no-energy
standards based on several key components, presented in Chapter 9.1.
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Critical look at the national energy grid
Another critical remark needs to be made with regard to the energy grid. We have discussed the
core energy principles of NZEB, being: grid connection, energy conservation measures and
renewable energy generation. As indicated in the expert interviews, many grids currently don’t
allow for this two-way interaction because it will destabilize the grid. Therefore, microgrids need
to be developed where multiple parties can export their clean energy and share their excesses.
As top-down approaches to NZEB have proved to be difficult, bottom-up local approaches are
most likely to get NZEB in the market. Currently, local NZEB initiatives are hampered as they have
no infrastructure to share the excessively generated renewable energy. The national energy grid
is therefore a critical factor in determining whether or not a NZEB is feasible or not, as the netzero balance inherently requires grid-exchange. This again highlights the political context of
NZEB to be considered and amended.
This calls for national governments to explore their grid possibilities and transform the national
grid or develop microgrids with renewable energy. Transforming the national grid to allow for
two-way interaction or the development of microgrids is needed to allow for the uptake of NZEBs
and stimulate rather than hamper local NZEB initiatives. Moreover, this allows for the
development of NZE communities and renewable energy sharing, identified as a best practice
with regard to the way forward. This requires research and a different approach to NZEB – not
only think about the building, but also think about the possibilities of exchanging renewable
energy with different units (houses, offices, factories, etc.).
Critical look at EUI as performance indicator
Although EUI has been addressed as a good alternative to compare buildings in terms of energy
performance as a substitute for a universal NZEB definition, I have come to question the strength
and transparency of EUI as a performance metric. EUI is a good metric to compare energy
efficiency. However, the metric does not tell you anything about where the energy is coming from.
A building could have a low EUI score, meaning that the building is efficient, yet the building’s
energy comes from fossil fuels from the grid. Another building can have a fully clean supply (e.g.
hydro), zero carbon impact, but be less efficient and have a higher EUI score.
To make statements on the energy impacts of a building, I therefore suggest the adoption another
metric that indicates the share of renewable energy in the building. Related to the former
discussion on the highly context-specific possibilities with regard to (on-site) renewable energy
options and clean grid supply, these two metrics (EUI and renewable energy share) would always
have to be evaluated in the local context to allow for fair comparisons. Now that we have
discussed these issues, Chapter 9 further lifts these remarks by coupling them to
recommendations that enhance the chance of successful NZEB project development – in line with
the aim of this thesis.
Critical look at the NZEB definition
NZEB definitions should be in line with the building’s local context - a universal definition of
NZEBs is therefore not possible and not desirable. To limit confusion with regard to the NZEBconcept, I propose to step away from the development of universal definition. Rather, I would
suggest to design our buildings to have the lowest energy-impact as possible based on several
standards (Table 9.1). After analyzing the results of this study, the cleanest definition of a NZEB
from my perspective would be: a NZEB is a building that generates at least as much renewable
energy as it consumes in a year (and when the market is ready: also compensates it’s annual energy
demand in terms of material impact).
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8.1.2 Key Best Practices
The key best practices are the main conclusions to this study, and are therefore most thoroughly
presented in Chapter 9.2 (coupled to Chapter 7). All experts named the Integrated Design Process
and Integrated Project Delivery, which is the first and foremost best practice as many issues are
a result of a non-integrated approach (Chapter 5.1). As experienced in practice, performancerelated tensions due to mis- and cross-communication (non-integration) may even rise to a point
where stakeholders in the same project file lawsuits against one another. Although there are
many challenges related to NZEB, many of these are related to non-integrated approach and
therefore IPD/IDP is likely to overcome many of these challenges, or at least to a certain extend.
An important first practice in NZEB project development is to establish the definition of NZEB in
the context of the specific project and site options. Relatedly key goals and targets must be
developed for the building to which all team members are aligned. The basic principle of NZEB is
to minimize the building’s energy demand, and cover the remaining loads with RES. However, for
reasons addressed before, the definition depends on the country, region and even the site
specifically. Another key best practice in NZEB project design is to minimize embedded energy
in the buildings materials and components. This requires LCA studies and a critical evaluation
and consideration of the buildings life expectancy and related maintenance and demolition
efforts. Adopting a materials passport to get the buildings materials and components on the
market after use was found as a success principle in literature, the interviews and the case studies.
The experts indicated that the market for sustainable construction material is still
underdeveloped, but that this is rapidly gaining momentum. The design and construction of a
NZEB for disassembly and/or flexibility is a key best practice as found in literature, the interviews
and in the case study of The Edge. Prefabrication is another key best practice related to efficiency,
quality, cost and time savings. Quality control in the construction phase is another essential factor
to ensure correct installation (especially insulation) and therefore performance. Certification
from a third party to ensure building quality and performance came forward as a good practice
from all three results chapters.
This study repeatedly indicated the importance of (continuous) monitoring and evaluation to
track the building’s performance and improve the systems if necessary. Follow-up of the design
team in the operation and maintenance phase relates to IPD and turned out to essential to ensure
that the building is operated properly, and to evaluate the performance data collected from the
metering. Soft landings were addressed by all experts to ensure rightful operation of the building.
Maintenance is especially important to ensure PV-performance and to allow the building
materials to be re-used after the occupancy phase.
Finally, designing the building for IEQ is not only beneficial to the occupants, but in terms of costs
savings due to enhanced productivity and reduced sick-time. Occupant engagement is important
in NZEB, which requires occupant training and awareness raising. Especially working with
displays that present energy performance, renewable energy generation and/or indoor
temperatures turned out to be of major importance to stimulate the right occupant behavior.

8.2 Discrepancies in Study
Literature, case studies and expert interviews substantially complied in terms of results. Although
the interviews were held with people from different regions and with a different expertise – the
main best practices as identified in the results complied with each other. However, a discrepancy
was found related to energy modeling: J.S., E.U., T.S. calculated only basic building-functions,
whereas others (M.K., A.K., S.A., D.F.) strongly emphasized that all major energy loads also in
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operation must be incorporated. T.S., however, addressed that this energy calculation was chosen
because BREEAM-certification allowed so, but that the net-zero energy balance is ultimately the
end-goal. This observation of discrepancy in energy calculation with varying views and beliefs,
already in the small sample of this research, indicates the problem of a lack of a NZEB-standard.
Another discrepancy became evident with regard to the use of ecological material. S.A. strongly
proposed to use as much ecological material as possible to minimize the carbon and energy
impact of material. J.S. contrasted this view with arguments that ecological structures require
more internal walls (to balance the load), fire insulation, gypsum, maintenance and early
replacement – arguing that the material impact depends on the expected life span of the building.
Moreover, he noted that concrete structures increasingly can be re-used due to mechanical joints
and dissolvable binders (J.S.). This was confirmed by T.S. and E.U. M.K. addressed importance of
thermal mass (concrete) in the building in extreme climates such as Winnipeg, to oppose
ecological material use. Another critical remark must be made with regard to insulation.
Literature, the interviews and the case studies illustrated the importance of good building
insulation. However, A.K. recommended to provide caution to not over-insulate the building,
which would lead to increased rather than decreased heating/cooling demands. Moreover, S.A.
emphasized the risk of ‘doing bad by doing good’, through building insulation with bad (toxic)
materials that would cause environmental harm later in the building’s life.
A final discrepancy became evident with regard to the perception of the viability of large NZEBs.
Several experts addressed their strong doubts to the technical feasibility of NZEB, saying that it’s
‘technologically very challenging’ (M.K.) or ‘not possible yet’ (A.K.). The little literature available
on best practices in large NZEBs and the fact that I had extremely little to no response when
reaching out to large office buildings that claimed to have a NZEB-status, allow to question if
whether or not the realization of large multi-story NZEBs is possible. J.S. thinks it’s possible if
(predominantly PV) technology becomes more efficient, and when PVs are maintained well. Attia
proved many times in his book that NZEB is possible, but on a smaller scale. In the interview, S.A.
made the point that we have the knowledge and the technology to realize NZEBs. However, he
does state that RES need to be more efficient, although he also notes that the efficiency of
renewable energy systems are rapidly getting more efficient. The next challenge would be to
make NZEBs ‘really’ NZEB, also in terms of embedded energy in materials. Attia stated that NZEBs
are viable, proven, ready for take-up - but the political, financial, infrastructural and social climate
drastically need to change. Politics can enforce and stimulate NZEBs. Therefore, the conclusion of
this study provides recommendations for policy development to overcome this (9.1).

8.3 Strengths and Weaknesses of this Study
One of the uncertainties in this research is related to the little data on best practices in
(commercial and large-scale) NZEB in literature. Several papers and reports have been written
on ‘the way forward’, however, many of the analyzed papers and reports tended to be quite
standard, iterative and mutually repetitive in their provided information. It seems as if many
articles are based on the same core papers and reports (a.o. work by Torcellini (11)). I have come
across many articles that largely provided the same information, the same sources, the same
graphs and the same figures (adopted to their own style). This allows for the questioning of the
strength of the literature review on best practices in (large commercial) NZEB. To overcome this
repetition and the little literature on actual best practices in large NZEB, I have analyzed a wide
variety of articles, papers, reports, conference proceedings, political papers, books and published
thesis reports, to gain a broad understanding of the concept, and to filter and organize success
principles that were solidly grounded in existing literature.
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To complement these success principles from the literature review, expert interviews were held
to explore best practices (and challenges) as experienced in practice. When time allowed, I
checked the success principles as identified in literature with the experts at the end of the
conversation to see whether or not the experts could confirm these. None of the success principles
from literature have been denied by the experts. However, another related limitation to this
research is the relatively small sample of seven experts. This was mainly due to an extremely low
response with regard to the requests that I sent over six months’ time. However, the seven experts
that participated have been valuable due to their different background and expertise, experience
in the field of NZEB and especially prof. dr. S. Attia provided valuable insights coming from a wellrespected scientist and professor on NZEB. As the results from the literature review and expert
interviews could still be insufficient, two case studies have been analyzed too on their project
development, successes and challenges. The most notable limitation in this field is the relatively
little project-specific information that I was able to retrieve from The Edge. After numerous
attempts to get the files, I decided to grant most attention to Manitoba Hydro Place, for which I
was provided with many (even confined) documents. The case studies remain rather shallow, and
with regard to the definition of NZEB as handled in this study they are both not actual NZEBs.
However, it was the aim of the case studies to provide contextualization to the best practices
addressed before, which has been done adequately. Moreover, the discrepancy in NZEBdefinitions by both case studies illustrated the challenges related to defining NZEB, illustrating
the importance of the policy recommendations provided in Chapter 9.1. To sum up: an
uncertainty to this research is the little data availability on best practices in commercial, largescale NZEB. This presents a weakness in the robustness of my results. However, in an attempt to
overcome this weakness, additional deepening data has been acquired through expert interviews
and case studies, to increase the robustness of my results.
Another limitation to this study is the generalization of best practices. As NZEBs inherently
require a context-specific approach, and best practices from one project cannot be copied to
another, the best practices and recommendations provided in this framework still require a fair
amount of calibration to the local context before being applicable. Varying climate conditions,
occupant densities and a difference national energy mixes require a context-specific approach to
the definition, goal and target setting, energy calculation and upscaling potential of the NZEB.
Universal best practices in NZEB can therefore not be formulated. However, it was not the aim of
this study to provide ‘copy-paste’ best practices for NZEB projects. Rather, it was the aim to
provide process-based guidelines for future NZEB-project development, as general statements
can be made in terms of project delivery. The fact that the findings from the literature analysis,
interviews and case studies complied to a large extend, increase the likelihood that the identified
practices are actually solid guidelines for NZEB project development. The recommendations and
guidelines provided in this study are valuable to serve as either a check-list for good practices
and cautions, or as inspiration for project development from scratch.
Adding on, this study solely focused on new building construction – of commercial buildings only.
The focus in this study has been limited to the new building stock as the soon-to-be-implemented
regulations on nZEB are only mandatory for new buildings. Moreover, retrofitting the existing
building stock to achieve a NZEB status is a substantial challenge with far more uncertainties. The
realization of NZEBs from scratch is already a substantial challenge, therefore I granted more
value to the exploration of the new building stock first. The focus on commercial buildings only
has been chosen as far more literature already exists on the residential sector. Moreover, the
intention for this study came forth from the fascination of sustainable transformation of the urban
landscape. As offices consume most energy of all commercial buildings, the focus on best practices
in NZE offices specifically is a valuable contribution to literature, filling a currently existing
knowledge gap.
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One could question the applicability of the results from this study with regard to the viability of
large multi-story NZEBs – whether or not they are technologically feasible yet is highly contested.
However, the strength of this study is that the results are also applicable to smaller NZEBs,
(n)ZEBs, EE-HPBs, and any kind of low- or no-energy impact buildings. Moreover, if technology
proves to currently fall short, the rapid developments in renewable energy and energy efficiency
grant hope for rapid technological revolutions. In that case, the recommendations made in this
research for successful project development can facilitate and accelerate successful large NZEB
development and implementation once the technology is available.
One could argue that the focus on the NZEB-definition limits my study, by excluding other lowenergy building types based on a typology. Due to the lack of an overarching and universal
definition, however, I had to critically analyze the concept and chose a definition in order for the
results to be comparable and allow for a critical analysis. Based on literature and my own insights,
I regarded the cleanest definition of a NZEB with least embedded energy and least energy of
conversion losses and transportation to be the on-site NZEB. Therefore this research is focused
on this definition as this is most likely the most genuine type of NZEB to be implemented, and it
would be a good practice if the on-site NZEB was the standard (this is confirmed in literature).
The results of this thesis are, however, not merely applicable to NZEBs, but also to other low- or
no-energy buildings. The main message with regard to handling the NZEB-definition, is to make
sure the energy calculations are correct (and includes occupancy energy needs) to rightfully claim
a NZEB-status.
Finally, whereas the expert interviews were aimed at the identification of best practices, most
time has been spent discussing the main challenges that relate to NZEB. Only S.A., professor on
NZEB, was able to provide systematically, prioritized best practices in NZEB project development.
However, this merely illustrates the complexity of successful NZEB development and the
frustration and obstacles as experienced in practice. This pleas for the importance of research on
best practices, offering a roadmap to overcome the main challenges related to NZEB project
development. A last weakness to be addressed is the structure of best practices according to the
four building phases. This structure does not allow to fully grasp the bigger picture as many
practices are interrelated, and the Integrated Recommendation Framework has no clear
prioritization. However, the results have been integrated and synthesized and Figure 9.1 with the
described core-best practices do illustrate the bigger picture. This research addressed best
practices and the biggest challenges in NZEB and tried to offer roadmap to overcome the biggest
challenges - this has not been done in literature as specifically and extensively as I did in this
study.
Taking all discussed weaknesses and uncertainties in mind, I would argue that the results of this
thesis are nonetheless fairly robust as they address key factors that are truly important in project
development (and also in policy). The importance of these practices were confirmed by the
experts. Although best practices in large commercial NZEB are scarcely found in literature, I
studied the vast majority of the available data and integrated these practices into this study. This
thesis addresses key challenges in NZEB that urgently need attention: the traditional, linear
approach to project development which must be replaced by IPD, the performance gap which
calls for far more attention and effort requirements for monitoring and evaluation, sharpened
regulations to provide an infrastructure for NZEB and the development of the sustainable
construction material market. This thesis provides solid guidelines, specifically focused on large
NZE office buildings but are also applicable to other low-/no-energy and high-performance
buildings that can therefore be used right now, and prepares guidelines for when large NZEBs
become the mainstream standard.
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8.4 Recommendations for Future research
During this study, several knowledge gaps became evident. The Integrated Recommendation
Framework and recommendations presented in the Conclusions chapter provides a general,
process-based guidelines for the development of successful NZEB projects. However, a serious
knowledge gap remains with regard to the national, regional and local options for NZEB
development. These knowledge gaps need to be actively filled in order to get NZEB off the ground
and onto the market. A key priority is the development of national action plans with regard to
NZEB, addressing at least the political situation, the infrastructural situation (and description of
energy grid), the options for renewable energy generation and renewable energy exchange and
the potential for NZE communities. After this research has been performed and reported, EU
member states can start with the implementation of the EPBD requirements, but of course this
research is necessary for non-MS too. After national NZEB-plans have been established and the
possibilities for NZEB development have been thoroughly analyzed and reported - by means of
political implications and actionable knowledge for project developers – more research is
desirable also for the provincial, regional and local scales.
Another related recommendation for future research is the thorough analysis of the EPBD and
other NZEB-related policies, to identify what the legal requirements exactly entail, what this
means for national policy and other related policy, with the aim of identifying ways to improve
the current political climate with relation to NZEB. Policy on NZEB can be sharpened to enforce
or at least stimulate NZEB-practices more effectively than the current legislation which is
confusing rather than reassuring. The possibilities to develop a low-/no-energy impact building
standard such as proposed in Chapter 9.1 can be further researched, as well as possible impacts.
Studies on how nations can optimize and transform their energy grid to allow for two-way
interaction or renewable energy storage and the options for microgrids should be evaluated.
Additionally, research must be performed on the possibilities of NZE-communities, as this is likely
the fastest way to realize the energy transition with multiple integrated systems rather than
viewing buildings in isolation.
Extensive research on sustainable construction material is highly recommended. The experts
addressed the lack of a market for sustainable construction material and a lack of trust in these
technologies as a currently hampering factor. Sustainable construction material entails ecological
material, re-used material, re-cycled material, refurbished materials and recovered materials
(mostly energy). It would be feasible to complement this research with studies on options for
advanced (virtual) materials passports, and feasibility studies on how these can become standard
practice. These studies will significantly contribute to the circularity of the building sector –
minimizing waste and embedded energy impacts. To identify the impact of certain materials,
extensive LCA studies are necessary.
Another important study would be more socio-psychological research, aimed at identifying the
main misperceptions related to NZEB and analyzing options to influence and transform people’s
mindset to be more open for NZEB and related practices. This also includes research to identify
the main challenges in the construction and building sector mindset, and identify options to
accelerate the NZEB-related transition in the building sector.
Other valuable studies that would complement this research are to identify options to increase
efficiency of renewable energy systems and how these can be integrated on the building (site),
storage of renewable energy, extensive cost-benefit analyses of NZEBs, research on optimizing
the integrated design process / integrated project delivery, and research on best practices in
other NZE building types.
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Chapter 9 Conclusions and Recommendations
Our society faces severe challenges with regard to climate change and resource depletion.
Unsustainable practices, including resource extraction, rapid urbanization, land-use change,
fossil fuel burning, associated GHG-emissions, waste generation and other pollution (Figure 2.9),
are severely contesting Earth’s biophysical limits. Climate change and resource shortages are
likely to disrupt society and our economic system if a business-as-usual scenario is continued.
Although the consequences of these unsustainable practices are noticeable world-wide, cities are
predominantly vulnerable to the negative effects of these trends. These trends include severe air
pollution problems, risks related to sea-level rise and urban heat islands.
The strong urbanization trend has resulted in a drastic change of our landscape. In many places
on Earth the horizon nowadays consists of skylines with tall buildings, and an increasing amount
of buildings are being built every day. The building sector is responsible for one third of global
primary energy consumption, accordingly associated with one fifth of global GHG emissions.
Within the building sector, offices are responsible for most energy consumption and GHG
emissions (Figure 2.4). Therefore, this study predominantly focused on large, multi-story office
buildings and their road towards energy neutrality.
Political ambitions for a nearly zero-energy built environment are just months away from the
moment of writing this thesis. The EPBD 2010/31/EU requires all new public buildings to be at
least nZEBs on the first day of 2019, and contains the same legal requirement for all new buildings
in 2021. However, NZEB is highly challenging – on a political, socio-cultural, economic and
technical level. Despite legal requirements and ambitions to realize a NZE building sector on the
short term, project developers are largely left in the dark as to how they should get there.
Ambiguous NZEB definitions allow for open interpretation of the concept. In turn, this leads to
fragmentation and confusion to surround NZEB projects, rather than guidance and facilitation
which is highly desirable. Therefore, I studied best practices and main challenges in the project
development of NZEBs, with a specific focus on office buildings.
Ultimately, the aim of this study was to identify key best practices in NZEB that need to be taken
into account in future development. As became evident in this study, NZEB is a highly complex
and broad topic. Conclusions on best practices in NZEB (office) project development need to be
clear and concise, yet simultaneously capture the overarching messages and key components. By
means of conclusion, Frameworks I, II and III present the main answers to RQ 1 – 4. To answer
the main RQ in this study, the Integrated Recommendation Framework was developed and
presented in Chapter 7 as a first step. However, in light of the complexity and interrelatedness of
NZEB, the frameworks do not capture the fully integrated and contextualized story to answer the
main research question of this study. Therefore, this chapter presents synthesized, contextualized
and overarching best practices in NZEB project development to be taken into account in future
NZEB project development.
With regard to the challenges and complexities that surround NZEB, the full story includes
conclusions and recommendations that follow from the discussion of the currently inadequate
political climate for the uptake of NZEBs (Chapter 8). Therefore, Section 9.1 first discusses crucial
political practices to create a political climate that allows for the uptake of NZEBs. This chapter
concludes with the most concise answer to the main RQ of this study, providing the best practices
for NZEB on the project-scale in Section 9.2. These core-best practices, which include most best
practices presented in Chapter 7, are the guidelines established in this study to advise project
developers on successful future NZEB project development.

104

9.1 Successful NZEB project delivery and uptake: political climate
As we encountered, political aims to develop a universal definition of NZEB to implement
mandatory policies proved to be a challenging task. Moreover, developing a universal NZEB
definition might not necessarily be of much added value if the aim is to transform the building
sector to have a low-energy impact (e.g. if the national energy grid supply is already clean, as has
been illustrated by the case study of MHP). The lack of a universal definition, insufficient
mandates and building codes and therefore an inadequate political climate for NZEB uptake have
been addressed as a substantial challenge in the literature and in the interviews. Based on the
insights acquired during this research I therefore present the following recommendations to
enhance successful NZEB development and uptake.
First of all, I recommend international political organizations to sit together and rather than
develop a universal definition for NZEB (which has proven to be a time-consuming task that has
not yet led to consensus), develop key standards to be adopted by nations to develop low-energy
impact buildings. Whether this can be a NZEB, a (nearly) ZEB or an EE-HPB is dependent on the
local context in terms of renewable energy generation and grid supply, amongst other factors.
Based on the knowledge acquired in this study, I recommend several key components that should
be a part of any low/no-energy impact building in Table 9.1 (next page). These standards should
be developed on a macro-political scale, that can accordingly be translated into national policies.
As NZEB is highly context specific, these key standards need to be translated to the national (or
regional/local) context. The standards in Table 9.1 are sufficiently flexible to allow for the
development of fit-to-purpose (net) zero energy building options based the local context. At the
same time, they are adequately comprehensive to prohibit the open interpretation of the NZEB
concept that currently leads to fragmentation and ambiguous NZEB-claims (as illustrated in
Chapter 6). To translate these key standards to national, regional or local options, the contextspecific possibilities (or constraints) for a low energy-impact building sector need to be
researched. These context-specific possibilities should include options for renewable energy
generation, renewable energy sharing (import and export) and possibilities related to the
national energy grid, amongst other specifications. The findings of the exploration of NZEBrelated possibilities (based on the standards presented in Table 9.1) can essentially be translated
into national guidelines and building codes. These context-specific findings on NZEB-related
possibilities need to be adequately and transparently reported to provide project developers and
other stakeholders with guidelines or frameworks for fit-to-purpose design, ready for
implementation.
National governments should investigate the possibilities to transform their national energy grid
to allow for two-way renewable energy exchange or to invest in the development of a microgrid
so local initiatives are no longer hampered, but rather stimulated. Policy needs to be sharpened
to ensure the correct energy calculations are taken into account, and codes/mandates need to be
developed to evaluate the performance of buildings and ensure that measures are taken if the
building is not performing in line with the design calculations. Additionally, to allow for
comparisons of buildings’ energy performances both within the nation and between nations, I
suggest to adopt an additional metric (renewable energy share) to the EUI metric for reasons
provided in the Discussion (Chapter 8). Building scores based on these metrics must always be
evaluated in terms of the national/local context to allow for fair comparisons and conclusions
(and political non-compliance consequences).
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Table 9.1 Recommendations for NZEB policy development based on standards rather than a universal
definition.

Standard
component
Passive
systems

Description / Indicator

Energy
Efficiency

Maximize the energy efficiency of active systems. The EUI metric is a valid
indicator to compare buildings in terms of energy efficiency.

Renewable
Energy

Aim to integrate RE on building or building site as much as possible, and/or
use energy from grid if grid supply is clean (in that case energy efficiency is
highly important).

Prove with studies and modeling that passive options have been evaluated
and optimized based on the possibilities allowed by the site.

If there are little to no options for renewable energy generation on the
building (site) and the grid supply is polluting (this needs to be proved with
studies), the import of green energy should be allowed and facilitated.
Associated emissions from transport and conversion losses should
preferably be attempted to be compensated otherwise; carbon offset23).
An additional metric should be adopted that indicates the renewable energy
share that is used to cover a building’s energy consumption. The
combination of this metric and the EUI metric allows for fair comparisons of
building’s energy impacts. These comparisons should, however, always be
evaluated in the context of the local NZE-related possibilities.
Embedded
Energy

All NZEB or other no/low energy-impact building projects should be
evaluated in terms of their embedded energy. All projects must be try to
minimize embedded energy. Material demand should be reduced through a
performance-based design approach. Eco-friendly or reused/recycled
materials should be incorporated as much as possible (a specific percentage
could be adopted in regulations, however, first the sustainable construction
material market needs to be developed). LCA or comparable studies must
be mandatory to track materials energy impact, and the findings must be
reported.
Policy should enforce the adoption of a materials passport for circularity
purposes and to accelerate the sustainable material market. Finally, project
developers
must
be
urged
to
include
a
post-occupancy
(deconstruction/demolition/disassembly) or flexibility plan.

Energy
Consumption
Calculations

Critical attention must be paid to the correct calculation of the energy
demand of the building, including energy needs in the operation phase (e.g.
plug loads, data servers and other IT-related systems).

M&E
Reporting

Monitoring and evaluation of the building’s performance should be a
standard practice in any no/low-energy building type, and M&E reporting
should be mandatory. Performance discrepancies need to be addressed, and
efforts to overcome this performance gap (e.g. adopting more renewables,
rethinking active systems, more modeling & simulation, etc.) must be
validated.

23

E.g. investing in renewable energy plants, social projects in developing countries to minimize their
environmental impact (e.g. cookstove projects), planting trees, investing in carbon-sink projects, etc.).
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9.2 Successful NZEB project development
The main RQ central in this study was: What are best practices in NZEB that are to be taken into
account in future project development? This question is comprehensively answered below.
After the political recommendations to facilitate NZEB-uptake, this section draws the main
conclusions of this research with regard to best practices in NZEB project development. These
conclusions are drawn based on the literature review, expert interviews and case studies. The
conclusions presented in this section further integrate and synthesize the best practices as
presented in the Integrated Recommendation Framework (Chapter 7), to present the full story of
successful NZEB project development. These conclusions are largely captured in Figure 9.1 below,
which presents the four core-best practices in NZEB project design and development: definition,
energy, performance and IEQ. The core principles and their related successful practices are
overarched by an Integrated Design Process (IDP) and Integrated Project Delivery (IPD)
Approach. These four principles are interrelated rather than separated, and together they capture
the best practices to develop successful NZEB projects.

Figure 9.1 Core-best practices of NZEB project development

9.2.1 Integrated Design Process / Integrated Project Delivery
IDP/IPD came forward as an absolute best practice in successful NZEB project development in
the literature review, and was specifically addressed as the most important factor of successful
NZEB design by all experts - including the case studies. The integration of people and information
in NZEB project development ensures that knowledge gaps are filled, experiences are shared,
miscommunication and/or cross-communication is minimized, and missed opportunities are
prevented. Rather, integration enhances the optimization of design by combining expertise
within the team to find innovative and smart solutions, ensures that construction work is carried
out according to the building design, facilitates the process of building handover between
construction and operation, and ensures monitoring and evaluation is properly carried out and
according performance adjustments are made if necessary. Besides the integration of information
and people, integrated processes and systems are highly profitable as their connectivity and
interrelatedness ensures that the systems are always in harmony and do not jeopardize one
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another. Integrated modeling (e.g. design/cost/energy modeling) grants a holistic insight in the
benefits that can be gained from minor alterations or the costs that are associated with
amendments - providing insight and efficiency to make informed decisions.
The holistic approach of IDP and IPD facilitates the understanding of the building as a whole and
essentially grants simplicity in operation. Moreover, the integrated approach provides quality
assurance throughout the entire project and ensures that sustainability goals (agreed upon by the
entire team) don’t get pushed down the priority list when the project progresses. Integration,
connectivity, follow-up, knowledge-sharing and also shared responsibility in the project
substantially increase the chance of a successful NZEB project.

9.2.2 Definition
The first core-best practice to be addressed for successful NZEB project development is the
importance of establishing a clear and concise NZEB definition for the project (in contrast with a
universal political definition). Defining NZEB in the context of the project is important to establish
clarity and a mutual understanding of the concept that is being worked on, to which all project
stakeholders are aligned. A first step in defining the NZEB in the local context is to critically think
about the options provided by the site in terms of climate (heating-, cooling-, or mixed mode
dominated buildings), renewable energy options, the energy grid (in terms of composition and
infrastructure), and to explore the options for NZE communities and renewable energy sharing,
amongst other factors such as the prevailing political and financial climate.
After the site potential has been explored, preliminary decisions have been made concerning the
building site and the definition is determined, the next important step is to set a clear vision for
the building, coupled with goals and targets. A good practice is to secure these ambitions by
means of a contract signed by all team members, to ensure that the sustainability or NZE
ambitions will not become jeopardized. This currently is a problem experienced with loose
agreements and a non-integrated approach. A well-established definition largely determines the
scope and the outcome of the project. The inclusion of upscaling potential and adaptability in the
NZEB definition allows the project to grow with advancing technology and market dynamics. For
truly sustainable NZEBs, I recommend to also include embedded energy in the definition.

9.2.3 Energy
The second core principle of successful NZEB design is energy. Figure 2.1 at the beginning of this
study illustrated the relation between energy and buildings. We have seen that buildings consume
energy both directly (mostly in operation) and indirectly (energy impact associated with materials
manufacturing, transport, maintenance and destruction). To realize a NZEB or any other low/no
energy-impact building, both the building’s direct and indirect energy input need to be
minimized.
Three components impact the direct energy use of the building: grid connection, energy
conservation (active and passive) and renewable energy (Chapter 2.3). Grid connection is
necessary to allow the building to function and to store the exported renewable energy to be used
later. This is the thought behind the net zero energy balance. However, a critical remark needs to
be made with regard to storing energy in and exchanging energy with the grid. Currently, many
grids do not allow for this two-way interaction as the grids are old and this energy dialogue will
destabilize the grid. Therefore, national grids need to be transformed or microgrids need to be
developed for multiple parties to be able to export their clean energy and share their excesses. In
case the grid supply of a region already (nearly) fully consists of renewable sources, the added
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value of becoming a NZEB should be considered (dependent on the options for on-site renewable
energy generation). This was illustrated by the case study of MHP.
A first and foremost step in any NZEB design is to minimize the building’s energy demand through
maximized energy conservation. The optimization of passive systems should be considered first
to conserve energy. Passive energy conservation starts with the building location, orientation and
form (as we have seen, the optimization of these components explained much of the success of
Deloitte’s headquarters The Edge). Offices, and other commercial buildings, use most energy for
HVAC systems and lighting systems. Therefore, passive HVAC systems – amongst which are
passive solar heating, natural ventilation, passive cooling, passive (de)humidification, passive air
treatment and the use of thermal mass - and daylight optimization are important factors to
optimize the site potential. By taking full advantage of nature’s ‘free’ energy, the remaining
demands for active HVAC/lighting systems are substantially reduced. Next, the active systems
need to be operate as efficiently as possible. The EUI is a widely used metric to compare buildings
on their energy efficiency, although I have questioned the transparency of this metric in this
study.
After the energy demand of the building is minimized, the building needs to integrate renewable
energy systems (RES) to cover or exceed its energy consumption to reach a NZEB status.
Preference should be given to integrated RES onto the building (most achievably PV-panels) or
on the building site (RES on the parking lot, geothermal systems, wind power, etc.). For large
multi-story buildings, generating enough or more renewable energy to cover their consumption
is challenging due to relatively limited available space. This is often why grid connection is
essential, and again aks for grid transformation or the development of microgrids to allow for
renewable energy sharing in communities. Specific attention must be granted to maintenance of
RES as PVs accumulate dust and other pollution – especially in the urban context. This is
important with regard to the efficiency of the panels. Several experts noted that the efficiency of
PVs if often too low to off-set energy use when integrated on the buildings. The import of
renewable energy from solar farms has been addressed to get more energy and be more costeffective. However, preference must always be granted to on-site or close-by renewable energy
generation to minimize transport-related energy impact and conversion losses.
The last main best practice related to energy is to minimize the building’s energy impact also in
terms of embedded (indirect) energy. The overarching best practice to minimize embedded
energy is to adopt a circular approach to building. This entails to design and construct for
disassembly so that the building can be easily dismantled and it’s components can be reused
elsewhere. Similarly, the use of sustainable construction material (ecological material, reused
material, recycled material) in the building to grant the materials a second (or a third) life, is
established as a best practice. Besides designing and constructing the building for disassembly,
another good practice would be to design the building for flexibility/adaptability. This entails that
rather than the building being dismantled at the end of its life, the building can be granted a new
function or size with simple adjustments (e.g. a changed floorplan, as illustrated by The Edge).
The adoption of a materials passport in the construction phase (ideally through VDC with 3D-BIM
modeling and asset tags) is a good practice with regard of gathering all information on the
materials and components in the building. This facilitates the maintenance of the buildings
materials and components and allows them to be sold upon disassembly. Adequate maintenance
in the operation phase is therefore highly important, and should be guided by the construction
team. Prefabrication and modularity are best practices to minimize of embodied energy. They
are also cost- and time efficient methods, as the chance of damaged materials and therefore waste
will be minimized.
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Three related issues need to be discussed to finalize the energy-story. First, it is important to
consider what energy loads are taken into consideration to determine the building’s energy
balance. Due to the lack of a universal NZEB definition or standard, project developers are
currently free to interpret their own definition and include the energy numbers that they want to
include (although some restrictions arise regarding certification). Still, BREEAM-certification
allows an energy calculation that only incorporates the building’s basic systems before occupancy
loads as has been indicated by The Edge. If, however, the total annual energy generation and total
annual energy demand of such building will be calculated that includes energy demands that arise
in operations, the building will not be a NZEB - although it is currently eligible to achieve the label.
Therefore, energy calculations must be assessed critically in the design phase of a NZEB to
compare. Secondly, related to the integrated design approach, it is crucial to properly size HVAC
and lighting systems to prevent major unnecessary energy consumption. Currently, HVAC and
lighting systems are often oversized, whereas RES are undersized. Integrative modeling and
calculations will help to design fit-to-purpose systems. It is important to incorporate occupant
density in the energy calculations. Finally, the building’s energy use should be designed for
variable supply and demand, meaning that smart technologies (sensors, automatic lights, etc.) are
used to make sure that systems are not always running when they do not need to be.

9.2.4 Performance
The third core-best practice of NZEB design is performance. The performance gap is the biggest
challenge in NZEB (and any other low-energy building) projects. The adoption of a performancebased design (PBD) approach and a performance-based contracts (PBC) and the use of Building
Performance Simulations (BPS) tools ensure that the functionality and performance of building
components are prioritized over subjective and aesthetically pleasing elements or lost due to
decision making stress. This also ties in with waste reduction on the construction site, and thus
minimized embedded energy. To be able to track the building’s performance, it is important to
establish clear targets and Key Performance Indicators (KPIs).
By setting these targets and establishing the indicators, the real performance of the building can
be actively tracked through extensive monitoring and evaluation – another key best practice in
successful NZEB design. If actual performance deviates from the designed performance or other
errors in the systems become visible, the operations team with the facility manager (with followup from the design team) must make amendments to try and fix the building’s performance. This
was illustrated by the case study of MHP. Soft landings are another important best practice
related to performance, meaning that representatives of the integrated design team facilitate and
train the building operator for at least one year after building handover. This reduces the risk of
the operator not using the systems and the controls right, in turn resulting in performance errors
and comfort loss. Establishing a manual for building operations is a related good practice.
Two additional issues must be addressed with regard to performance. The first is the importance
of construction quality. Inadequate construction, and specifically inadequate installation of the
building’s insulation, seriously jeopardizes the buildings performance. Capacity building of
construction workers to accurately train them for sensitive installations and substantial quality
assurance during construction are best practices to minimize the chance of incorrect installations
and performance problems. Language barriers often impose a challenge with regard to effective
on-site communication and the ability of the workers to read site requirements. Therefore, it is a
good practice to also include visualized communication strategies on the site. Another good
practice related to construction quality is, again, prefabrication – to produce the buildings
components off-site, and assemble them on-site to minimize construction errors (and maximize
productivity).
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The second crucial issue is the best practice to aim for certification. The certification procedure
is important to ensure quality by an external party, especially at the end of the construction phase
during final commissioning. The certification procedure and final commissioning will ensure that
all systems are working right and if the building lives up to its performance expectations.
Applying for a certification procedure that follows-up in the occupancy phase is another good
practice to minimize the performance gap. However, one must be aware of certifications pitfalls
(e.g. the BREAAM certification system that works with scores coupled to metrics that may not
necessarily be the most important factors to improve the buildings performance).

9.2.5 Indoor Environmental Quality
The last core-best practice of NZEB design is to design for high Indoor Environmental Quality
(IEQ). IEQ entails thermal comfort – extremely important in NZEBs, especially with regard to the
overheating problem -, visual comfort (daylighting, exterior views), indoor air quality (IAQ), and
acoustics. Designing for IEQ is important with regard to occupant comfort, well-being, satisfaction
and productivity. Especially in office buildings, the benefits of high IEQ and associated increase in
productivity and reduction of sick-time lead to major financial savings, that are easily able to
compensate the energy costs. After all, by far most of the money in an office building is spent on
the people who work there during the building’s lifetime.
Defining IEQ standards and expectations and communicating these with the building’s occupants
is important to stimulate the right occupant behavior. Moreover, different IEQ standards will lead
to a significantly different heating/cooling demand and thus a totally different design. Occupant
engagement is incredibly important in NZEB, as proactive behavior of occupants is a large factor
in determining NZEB success. Occupant engagement includes training occupants so they know
how to use their surroundings (and prevent them from opening windows when the building is
cooling, for example), raising awareness (through dashboards and data visualization) and
instantaneous feedback between the systems and the user rather than a battle between the
facilities manager and the operator. Personalized control systems combined with manual
override of automated systems were identified as a last best practice with regard to IEQ and
occupant behavior.

9.3 The way forward
NZEB is rapidly gaining momentum – not only through political requirements, but also from local,
bottom-up approaches. These bottom-up approaches are currently most likely to get NZEB into
the markets. Therefore, these NZEB projects must be facilitated and stimulated as much as
possible. This study identified key best practices in NZEB project development (Chapter 7 and
Chapter 9.2) and addressed policy-related recommendations (Chapter 9.1) to facilitate NZEB
project development and implementation. After this study, I am convinced that NZEB is possible
under the condition that the building sector must adopt the right mindset, approach, organization
and procedural planning to NZEB, and use intellectual and financial resources right. This must be
actively stimulated. With regard to the feasibility of large multi-story NZEBs, the establishment
of the Pertamina HQ tower in Jakarta (a 99-story high NZEB) will likely tell us a lot about the
options to realize large, multi-story NZEB (office) buildings.
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Appendices
Appendix I: Conceptual Framework – Supporting Diagrams

Annual on-site renewable energy
generation by NZEB
= or ≥
Annual energy consumption by NZEB
(on site level)

Figure I.1: Grid-connected NZSE Building.

Annual on-site renewable energy
generation by NZEB
= or ≥
Annual energy consumption by NZEB
(on site level).

Figure I.2: NZSE Building without grid connection.
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Annual energy generation by NZEB
= or ≥
Annual energy consumption by NZEB
(including the energy required to 1)
generate energy and 2) transport
energy from an off-site source to the
NZEB)

Figure I.3: Grid-connected NZScE building

Annual energy generation by NZEB
= or ≥
Annual energy consumption by NZEB
(including the energy required to 1)
generate energy and 2) transport
energy from an off-site source to the
NZEB)

Figure I.4: NZScE building without grid connection.
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Annual amount of money paid by the
utility to the NZEB owner for energy
transport to grid
= or ≥
Annual amount of money paid by the
NZEB owner to the grid for energy
services and energy use.

Figure I.5: NZEC building diagram

Annual emissions free energy
production (and use) by NZEB
= or ≥
Annual energy use by emissions
producing energy sources.

Figure I.6: NZEE building diagram
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Appendix II: Conceptual Framework – Supporting Figures

Figure II.1: Passive design solutions: systems approach. http://www.jamesco.com/passive-building-strategyfor-commercial-buildings/

Figure II.2: Daylight optimization techniques in different parts of the building.
https://i.pinimg.com/originals/0e/c5/c3/0ec5c3a4423230bcb3558be1a407ad02.jpg
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Figure II.3: Passive lighting techniques on the space-level. http://www.disd.edu/blog/daylighting-interiordesign/
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Appendix III: Methods – Supporting Tables
Table III.1: Interviewees (name, function, background and expertise).
Interviewee

Current function

Background

Mark Pauls

Electrical
engineer
Manitoba Hydro Place

at

- B.E. Electrical Engineering
- M.Sc. Climate Engineering
- Engineer at Transsolar GmbH (thermal
insulation and Energy Concept Development)

Damian Farr

European Managing Director
at DPR Construction

- B.E. Electrical Engineering, Heavy/Industrial
Engineering and Technologies
- M.BA Business Administration and Management
- Regional Manager (Engineering Services) at
Interserve
- Managing Director at ISG plc

Alexander Knirsch

Mechanical engineer and
project leader at Transsolar
GmbH

- Engineering at University of Stuttgart
- Project leader at Transsolar GmbH
- Project leader TGA at ZWP Ingenieur-AG

Shady Attia

Assistant prof. of Sustainable
Architecture and Building
Technology (University of
Liège)

-

Consultant and Trainer at
SBD (Sustainable Buildings
Design) Lab

B.Sc. Architecture
M.Sc. Sustainable Landscape Architecture
PhD Sustainable Architecture
PhD Zero Energy Buildings
Research Scientist at EPFL

Expertise

- Electrical Engineering
- Project development of MHP
- EE-HPB building

-

Construction management
Contract management
Project planning
NZEB

-

Energy modelling
Climate engineering
EE-HPB buildings
MHP

-

Net Zero Energy building
Architecture
Spatial planning
LEED/BREEAM certification
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John Sommer

Director of Strategy and
Business Development at MT
Højgaard and Co-author of
Building a Circular Future

-

B.Sc. Civil Engineering
B.Sc. Economics and Commerce
MBA
Board of Green Building Council
Executive MBA General Management
Sr. Project Manager at Skanska Danmark
Head of Section – Special Project at Skanska
Site Manager at MT Højgaard
Sustainability Leader
Sr. Project Manager at MT Højgaard
Sectional Director (Conceptual Housing; Sales
and Conceptual Housing; Innovation and
Commercial Solutions) at MT Højgaard
- Sales Director & Head of Strategy and Business
Development at MT Højgaard

Erik Ubels

Chief Technology Officer at
OVG Real Estate

- MBA Business Administration and Management
- Electronic Product Engineer at AT&T Philips
Telecommunication BV
- Manager IT Services at KPMG
- Chief Information Officer and Director
Information Technology & Workplace Services
at Deloitte Nederland

Tim Sluiter

Sr. Project Leader and Line
Manager at Arcadis

- B.Sc. Building Technology
- M.Sc. Architecture
- Assistant designer / project leader at tvdh
architecten
- Designer
/
Project
leader
at
DP6
Architectuurstudio
- Property manager at Deloitte

- Circular building
- Engineering
- Project management

-

Strategic IT management
IT business management
IT strategy
Facility management
The Edge project development

-

Architecture
Building Management Systems
Project development
The Edge
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Appendix IV: Results – Supporting Tables and Figures

Supporting Tables: Table IV.1- IV.15.
Table IV.1: Recommendations for efficient and effective envelope design (35)

Recommendations for Envelope Design
Carefully consider the climatic conditions of the site, as local climatic conditions can largely
influence material, glazing and overall energy performance of the building;
Design horizontal elements (particularly the roof) in such a way that the impact on the site’s
urban heat is limited;
Optimize the envelope’s thermal insulation;
Consider using lighting sensors: controlling perimeter lighting levels when adequate daylight
is available and therefore reducing power and HVAC loads;
Analyze the options for incorporating PV-panels in the envelope; providing on-site, renewable
energy;
Analyze the building’s envelope performance with energy simulation to optimize the
performance of all components of the envelope and make informed decisions about these
components based on life cycle performance through a life cycle analysis (LCA); and
Commission envelope elements, ensuring that all performance requirements of the envelope
are met
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Table IV.2: Five steps to optimize energy efficiency and sustainable character of NZEBs (32).

Steps

Explanation / Examples

Step 1: Location

- The optimization process normally starts with the site, building
orientation and consideration of the envelope/façade.
- The opportunities and constraints of the building location must be
taken into account in site selection, early designs and servicing
strategies in order to maximize available low-energy options.
- Optimizing external views, infrastructure, local network and supply
chain links.
Building modeling and simulation allows for further refinement in the
Step 2: Fabric
schematic design phase. In an early stage, the comparative performance
can be analyzed by optimizing the following parameters:
- Envelope thermal performance
- Air tightness/overall building air permeability
- Façade and roof albedo/surface reflectivity
- Daylight
- External shading
Passive solutions that can significantly reduce energy demand are
Step 3: Passive
- Thermal mass (attenuating internal temperatures by exploiting
solutions
temperature differences between day and night)
- Passive ventilation
- Free cooling
- Daylight optimization
Ensure all active systems are highly efficient, allowing for substantial
Step 4: Efficiency
operational energy savings. Important factors are
of active systems
- Ductwork and pipework design
- Lighting
- Energy efficient cooling and ventilation systems
- Minimizing other loads
Step 5: On-site This is the last step after all options for reducing/minimizing the energy
renewable energy demand of the building have been considered and incorporated. Options
generation
for building integrated renewable energy systems (RES) are:
- Solar energy
- Biomass (although less favourable)
- Heat pumps
- Geothermal energy
- Hydropower
- Small- and microscale windpower
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Table IV.3 KPIs and metrics as identified by Attia (8)

Performance Indicator

Metrics

Carbon Emissions

KgCO2•yr-1 / m2

Energy Efficency

kWh•yr-1 / m2

Heating/cooling balance

80%-20%

IEQ

21-25 ℃ m3/h/pers

Occupant Density

5-12 m2/pers

Renewable Energy Generation

10%-100%

Design and Construction Costs

€/m2
$/m2

Table IV.4: KPIs and metrics as identified by Strong and Burrows (35)

Peformance Indicator

Metrics

Overall building energy use intensity (EUI) kWh•yr-1 / m2
Building
average
annual
requirement per occupant

energy kW/occupant

Overall building air permeability

M3/h•m2 @50Pa

Building overall average U value

W/m2•K

Overall chiller plant performance

kW/ton

Table IV.5: Recommendations to provide thermal comfort in NZEBs (8,35)

Thermal Comfort Recommendations (IEQ)
Clearly define the use of the building and the different indoor spaces as thermal comfort
requirements depend on the activities carried out in the building;
Take the environmental conditions into consideration;
Use appropriate design standards such as ASHRAE Standard 55 and EN 15251 as the basis for
thermal comfort;
Understand the HVAC mechanisms in the building;
Consider the impact of seasonal variations in environmental conditions (especially in naturally
ventilated and mixed-mode buildings24;
Engage and educate the building’s occupants and building’s facility manager(s) with regard to
the thermal expectation of the building and the operation of building controls to adjust their
thermal environment (including the role of personal control to adapt themselves through
clothing and other measures to cool/warm themselves);
Consider the provision of appropriate levels of personal control for occupants; and
Undertake thermal comfort surveys amongst the buildings occupants to evaluate the
performance of the building.

“Mixed-mode” refers to a hybrid approach to space conditioning that uses a combination of natural
ventilation and mechanical systems; https://www.cbe.berkeley.edu/mixedmode/aboutmm.html
24
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Table IV.6: Visual comfort recommendations as developed by Strong and Burrows (36)

Visual Comfort Recommendations (IEQ)
Use as much daylighting/ambient lighting as possible to save energy;
Use energy-efficient/low-energy light fittings for artificial lighting;
Include occupancy sensors on artificual lighting to save energy;
Supplement ambient lighting with task lighting, including dimming features, to be controlled
by the occupant;
Install passive infrared sensor lights in communal and transitional spaces;
Reduce glare from both natural and artificial light;
Provide biophilic indoor spaces; and
Use cost-effective, low-maintenance materials suitable for the space function in order to
prevent frequent changing and waste.
Table IV.7: Acoustic comfort recommendations developed by Attia (8) and Strong and Burrows (35)

Acoustic Comfort Recommendations (IEQ)
Design the shape, size and degree of enclosure of rooms in such a way that echoes and
reverberation are minimized;
Mitigate HVAC background levels through sound insulation (avoid small-diameter ducts for
high-velocity air flow) and refer to the ANSI Standard S12.60-2010, CEN 15251 and CEN 16798
criteria;
Reduce noise from adjacent spaces through proper material choices, composition, and highquality construction execution;
Consider furniture with sound-absorbing surfaces;
Introduce high sound transmission class walls and doors;
Consider the introduction of white background noise; and
Upon choosing the glazing type, regard the orientation of the building and its proximity to
distracting noise sources.
Table IV.8: IAQ recommendations developed by Attia (8) and Strong and Burrows (35)

Indoor Air Quality Recommendations (IEQ)
Actively monitor CO2 and pollutant levels in the air, and aim to control these levels at the
source;
Ensure that designed ventilation systems meet or exceed the standards;
Properly install and maintain HVAC systems (seasonal commissioning plans can be used to
ensure maintenance is carried out accordingly);
Minimize pollutant-emitting sources (paints, furnishings, etc.) and install exhaust vents to
extract moisture, odors and air pollutants;
Make windows accessible and easy to use (without obstructions from the outside and inside);
Ensure that ventilation systems maintain a relative humidity between 40% and 60% at all
times to avoid skin irritation; and
Address moisture and condensation management in the design and operation phase of the
building.
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Table IV.9: Key differences between conventional and integrated project design (35,42,61).

Conventional Project Design

Integrated Design Process

Team members are involved only when Team acts inclusively, from
essential
beginning onward

the early

Less time, effort and collaboration in the early Relatively much time and effort invested in
stages of building project development
the early stages of building project
development
Linear process

Iterative process

Isolated systems thinking

Whole-systems thinking

More decisions made by fewer people

Decisions are influenced by a broad team

Emphasis on up-front costs

Life-cycle costing

Typically finished
construction

upon

completion

of Continues post-occupancy

Table IV.10: The seven key stages of Integrated Project Delivery (IPD) (35,42,61)

Design phase

Content

Predesign

Exploring possibilities for the site, the users and the owner;
determining the scope of the project; coordinating the design team.

Schematic design

Investigation of technologies, ideas, applications; determination of
goals and objectives (including sustainability targets is key in this
phase); preliminary analyses of costs and energy performance.

Design
development

Selecting and request for approval of schematic design concepts;
consideration of architectural, mechanical and electrical systems.

Construction
documentation

Finalization of all design development documents

Bidding,
This phase starts when the main design plans have been realized, and
constructing
and at the end of this phase the building will be fully functional and ready
commissioning
for occupancy
Building operation

The building is transferred from the design team to the building
occupants and operator; building operators have been fully trained on
the operation of the buildings (refer to Section 4.1.3.3)

Post-occupancy

Monitoring and evaluation efforts are continued (refer to Section
4.1.3.4) feedback loops back to the design process to maximize
efficiency.

Table IV.11 Average annual office building performance efficiency (35).

Green buildings

Good

Fair

Needs improvement

kWh/m2 0-110

110-160

160-215

215-325

kW/Occ

1.0-1.5

1.5-2.0

2.0-3.0

0-1.0
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Table IV.12: Recommendations for Integrated Project Delivery (8,35,42,52,54,61).

Key Points

Elaboration

Align values:

Before pre-design, developing common ground for the project and for
the working relationships;

Multidisciplinary
team:

bringing together all relevant areas of expertise (mainly from client,
builder and design team) leading to comprehensive and informed
decision making on complex design problems. This team must be an
experienced team in order to avoid many mistakes as trial-and-error
project delivery cannot be tolerated for NZEBs

Align goals:

mutually defined by the design team, of which the goals should reflect
the open-ended potential of an integrated project. The owner(s) should
address certain needs and aspirations, the teams delivers input to
enhance those needs based on shared values, and the needs are
collectively translated into specific and measurable performance goals;

Communication:

open, respectful communication based on trust are key to the
development and delivery of a successful NZEB project. Different team
members have different backgrounds and priorities, requiring good
planning;

Collaboration:

stimulate collaboration as early as possible in the predesign phase and
optimize collective decision-making;

Performancebased contracting

to achieve energy efficiency targets, provide high-quality buildings’
performance and attempt to close the performance gap we must move
away from the traditional design-build-bid approach of project
contracting and delivery and towards performance-based contracting.
Performance targets must be formulated by the building owner (or
representative) and anchored in a performance-based contract with
multi performance criteria and a structured ranking of goals. This
guarantees commitment of all stakeholders and allows for tracking
performance (allowing for alterations to be made early on in the
process; see Figure IV.3)

BIM and
performance
modeling:

BIM allows for efficient information exchange between design and
construction teams and performance modeling is necessary to provide
detailed and accurate performance analyses rather than trial-and-error
methods, therefore these components need to be integrated in the
design process;

Process
management and
performance
assurance plans:

the building owner (or representative) and project manager should set
up a framework and process map describing expected project
development and performance assurance plans; and

Develop roadmaps for every period of time between meetings with the project team, plan
meetings carefully, prepare them well, establishing clear expectations of
what an integrative team entails
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Table IV.13: Key recommendations for material selection of NZEBs (8,35,48,62,64,65).

Recommendations for Material Selection
Thoroughly analyze the environmental impact of material through LCA, EIA and other
methodologies, as well as using certified and labeled materials that are proven to have a low
environmental impact;
Perform a multi-criteria analysis of material rather than using single criteria indicators which
might provide misleading information and jeopardize sustainability of the construction;
Prefer locally produced or harvested materials to minimize environmental impacts associated
with transportation;
Consider the environmental impacts of extraction, processing, transport, maintenance and
disposal over the entire life cycle of the building;
Use a maximum possible amount of bio-based or recycled construction materials (as long as
their impacts are correctly evaluated); and
Use high-quality materials that are suitable for disassembly at the end stage of the building.
Table IV.14: Recommendations for constructing the building’s envelope (35)

Recommendations for Envelope Construction
Consider climatic conditions. Local conditions should influence the materials of construction
of the envelope, the amount and performance of glazing, and the overall energy performance
of the building;
Reduce urban heat islands, predominantly consider the impacts of the horizontal elements
(mainly the roof) on the site’s heat island - finishing the roof with light-colored materials or
vegetation can significantly reduce those impacts;
Optimize thermal insulation of the envelope for both heating and cooling seasons;
Incorporate high-performance spectrally selective glazing, in which the thermal, solar and
daylighting performance of glazing on each elevation of the building should be carefully
analyzed;
Use effective solar shading devices;
Integrate PV-panels as a part of the building envelope system or solar shading system;
Analyze the envelope performance with energy simulation and life cycle analysis tools, and
make informed decisions about the components of the envelope based on LCA; and
Commission envelope elements to ensure that performance requirements are being met.
Table IV.15: Recommendations to construct for disassembly (70).

Recommendations for Constructing for Disassembly
Use prefabricated components and modular constructions;
Simplified and standardized connection details;
Simplified and separated building systems;
Minimization of building parts and materials;
The selection of fittings, fasteners, adhesives, etc. that allow for disassembly;
Reduced building complexity to improve buildability and simplify deconstruction;
Construct with reusable materials (e.g. wood, brick, carpet tiles and steel are easy to be re-used
or refurbished; and
Design and construct for flexibility and adaptability.
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Supporting Figures (IV.1-IV.x)

Figure IV.1 PDCA approach: tracking performance through monitoring and evaluation in design and
operation phase. This figure is a visual representation of information provided by Strong and Burrows (35).

Figure IV.2: IEQ considerations to be taken into account in NZEB project development.
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Figure IV.3: Cost and effort of related to changes in design in IPD and traditional design approach.
http://www.vjscozzariandsons.com/what-we-do/integrated-project-delivery/

Figure IV.4 Conventional design team organization (adopted from (61))

Figure IV.5 Integrated design team organization (adopted from (61))
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Figure IV.6 On-site waste management: key focus areas

Figure IV.7 Example of off-site prefabricated components assembly
https://sourceable.net/swedens-advanced-prefabricated-construction-industry/

on-site.

Source:
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Figure IV.8 Example of a prefabricated building. Source: https://inhabitat.com/tag/prefab-construction/

Figure IV.9: Best practices to positively influence occupant behavior. Source:
http://www.sustainround.com/library/sites/default/files/SBER_Occupant%20Engagement_Presentation.pd
f
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Figure IV.10 Biological and technical nutrient flows in the linear economy. Reinterpretation of figure by (57)

Figure IV.11 Biological and technical nutrient flows in the circular economy. Reinterpretation of figure by (57)
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Appendix V: Expert Interviews – Supporting Tables
Table V.1: Interviews: name of expert, reference, interview date, interview duration.

Full name

Reference

Communication Interview Date

Mark Pauls

M.P.

Skype

Interview Duration

22.05.2018

00:53:00

05.06.2018

01:03:35

Damian
Farr

D.F.

Phone

24.05.2018

0:56:54

Alexander
Knirsch

A.K.

Skype

06.06.2018

1:05:20

Shady Attia S.A.

Skype

11.06.2018

01:19:10

John
Sommer

J.S.

Skype

18.06.2018

01:25:17

Erik Ubels

E.U.

Skype

19.06.2018

00:47:44

Tim Sluiter

T.S.

Skype

25.06.2018

01:01:14

Figure V.1: KPMG Headquarters by MT Højgaard with passive shading integrated in the façade to minimize
overheating of the building, and therefore cooling demand. Curtain walling 100% prefabricated.
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Appendix VI: Case Studies
Appendix VI.1 - …. : Manitoba Hydro Place, Winnipeg, Canada

Figure VI.1: Fifteen schemes, three options selected for testing. Source: http://www.manitobahydroplace.com/

Figure VI.2: Integrated Costing-Design-Energy Model that largely determined the deisgn of MHP. Source:
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Figure VI.3: A-shape form of MHP. Source: Google Maps.

Figure VI.4: Double Façade – schematic
http://www.manitobahydroplace.com/

presentation

of

air

flow

(MHP).

Source:
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Figure VI.5: Double Façade: Realized (MHP). Source: http://www.manitobahydroplace.com/

Figure VI.6: Solar Chimney Feature (MHP). Source: http://www.manitobahydroplace.com/
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Figure VI.7: Natural Ventilation System
http://www.manitobahydroplace.com/

Figure VI.8: Thermal mass to moderate
http://www.manitobahydroplace.com/
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Figure VI.9: Radiant heating/cooling in thermal mass of concrete in ceilings and floors. Source:
http://www.manitobahydroplace.com/

Figure VI.10: Water Feature – Schematic (MHP). Source: http://www.manitobahydroplace.com/
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Figure VI.11 Water Feature for (de)Humification (MHP). Source: http://www.manitobahydroplace.com/

Figure VI.12: Schematic Overview of Daylighting in MHP. Source: http://www.manitobahydroplace.com/
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Figure VI.13: Daylight dispersion in MHP. Source: http://www.manitobahydroplace.com/

Figure VI.14: Ground-source Heat Pump, connected to geothermal battery underground (MHP). Source:
http://www.manitobahydroplace.com/
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Figure VI.15: Total energy use of MHP between September 2010 and February 2012 (87).

Figure
VI.16:
PV
integration
on
the
southern
https://www.homij.nl/nl/projecten/detail/the-edge-deloitte-akd
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Figure
VI.17:
Close-up
of
façade-integrated
PV-panels
http://hermanstechniglaz.nl/en/products/bipv-powerglaz/.

in

The

Egde.

Source:

Figure VI.18: The atrium with mesh panels in The Edge. Source: https://www.bloomberg.com/features/2015the-edge-the-worlds-greenest-building/
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